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PREFACE. 


Wfthin  tbe  past  deeade  the  progreHs  which  has  boen 
ide  in  physical  Bcieuce  has  completely  ohauj^ed  ite 
tp^oL  The  most  strikiug  feature  of  this  aJvnucft,  un- 
ttioiiahly,  IB  the  inncli  preater  importance  whioli  the 
tmuua  of  energy  have  asHunood  in  all  physical 
iHsious,  as  compared  with  the  phenomena  of  matter. 
Th<;  phyrtics  of  to-day  is  distinctively  the  science  of 
icrgy.  Henceforth  every  physical  change  luust  be 
[arded  hs  conditioned  upim  tlui  traiisferenoe  or  the 
isformation  of  energ}-.  It  is  from  this  point  of  view, 
fore,  that  any  new  tprt-hiHiTc  of  Physics  nuist  pre- 
the  snhject  Hence  the  classification  whicli  has 
htwu  adopted  in  the  present  work  is  baaed  on  the  most 
r  iows  of  encrgA',  considered  as  bein^  nlHinately 

iiienou  i»f  the  mther.      At  present,  all  physical 
inoniena  seom  capable  of  satisfactory  discuBsion  un- 
Ter    th*5  heiwls  of  mass-physics,  molecule-physics,  and 
iBther-physics,     .And  the*  fact  is  ti};»u*icant,  that  to  the 
iMt  suVidivision  of'  Ijie  aubje^t  it  BAr  been  fonud  neoei*- 
mry  to  devote  mnre  thjiu   half  of  the  entire  work. 

The  introducUin  p/ii^'ion  ct  .llie  book  considers  (1) 
physical  relations  :u  g  hnval/aiul  ^'?)  the  laws  of  motion  ; 
■'  '  ■•  *  '  'lif.cuHvr/i:,  P.i'st  in  Mie  abstract,  and  sec- 
it.-e  to  the  action  of  force  upon  nuitter. 
Under  mjvsft-phjsics  energy  is  first  trotted  of  as  a  mass- 
r  *■*■  -r.,  and  then  work,  as  being  done  whenever  energy 
J-  I' red  or  transformed;  the  subject  of  potential 
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being  developed  aa  a  confiequeuoe  of  mass-attractioi 
The  properties  of  matter  are  next  considered,  iucludii 
the  modern  viewa  of  its  structure ;  and  then  follows  tb| 
subject  of  sound  considered  as  a  mass-vibration.    Und^ 
molecular  physics  tlie  phenomena   of  heat  alone   arai 
treated ;  the  term  heat  being  restricted,  in  accordanoflj 
with  modern  usage,  to  molecular  kinetic  energy.    Undi 
the    head    of    a>ther-physios   are    gi'ouped :    (1)    ff-ther-^ 
vibration  or  radiation,  (2)  aather-stress  or  electrostjitics,, 
(3)  sether-vortices  or  magnetism,  and  (4:)  %ther-do\v  oi 
electrokinetics  ;  following  tJie  classification  so  well  sei 
forth  by  Lodge.     Kadiatiou  is  considereil  broadly,  with- 
out   any   special  reference    to    those   wave-froqnenoii 
which  excite  vision  and  are  ordinarily  called  light 

The  author's  aim  has  been  to  avoid  making  the  boo] 
simply  an  encyclopedic  collection  of  facts  on  the  onel 
huud,  or  too  purely  an  abstract  and  theoretical  discui 
sion  of  physical  theories   on  the    other.     The  gronn* 
Covered  is  that  which  is  usually  traversed  by  students' 
in  the  more  extended  courses  in  Plivsics  in  our  leading 
Universities,   Colleges,    and    Technoh>gicaI    Institutes. 
The  mathematics  required  in  the  derivation  of  the  for-| 
mulas    is  only    that  with    which   students  taking   sui 
courses    may   be   presumed   to  be  already  acquaini 
Obviously,  however,  these  derivations  can  be  omitted  oi 
the  discretion  of  tlie  instructor.     To  facilitate  the  use  of^ 
the  b<x»k  in  the  class-roora  most  of  the  illustrative  and' 
explanatory  matter  is  printed  in  a  smaller  type. 

With  reganl  to  the  subject-matter  of  the  book,  tlie-l 
author  lays  no  cbtiuc  ^(>  ^y  Vitijl^uftitf'.  He  has  made 
free  use  of  all  thcf 's^uVce&  of  ibfoJ-Vmlion  at  his  com- 
mand and  has  freely  Jnyfen  H}i»^flif  for  the  material  thi 
taken.  The  uame^  yj.JlU<H*5"'iil'/**i^^**^  ^^  whom  tl 
science  is  most  deep\rii5(lvJj^I'Ute  f^iven  in  connection' 
with  the  subjects  on  wHich'  tLey  have  worked ;  and  iu 
order  to  bring  the  student  into  more  intimate  contact 
with  these  great  miuds,  the  law*s  or  principles  which 
they  formulateil  have  frequently  been  given  in  their  own 
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'ERpeciallj  has  this  been  done  in  i\\^  case  of 
Americaii  iuvesligators.  To  make  more  easj  a  reference 
to  thefte  workers  in  Bcieuce,  their  uumes  have  been  in- 
cloded  in  the  index. 

Tlie   iuhLHc  system  has  been  nsed  throughpnt  the 
book ;  all  the  nnits  employed  in  it  being  thoue  of  the 
C-  G.  S.  ftj^fitem  and  their  aecondary  derivatives.     The 
oenti|^d<3  (Ifj^roe  haH  been  adopted  excluKively  art  the  lyiit 
of  temperature,  and  the  water-gram-tle^ree  ns  the  tinit  of 
beat,     lllufttratious  have  been  freely  introduced  wher- 
ever they  appeared  to  be  desirable  in  order  to  increase 
tbe  clearness  of  the  descnptious  or  demonstrations.     For 
the  most    part,   these    illustrations   are   diagrammatic. 
Two  renaons  for  tliis  may  be  given.     In  the  tii*9t  place, 
demotistratious,  in  general,  require  only  outline  diagrams. 
And.  in  tiie  secoiul,  the  actual  construction  of  apparatus 
not  only  varies  widely  with  different  makers,  but  changes 
mat4;riully  from  time  to  time  ;  the  most  a|>proved  forms 
in  many  cases  soon  becoming  obsolete.     Hence  those 
dewmptions  of  apparatus  whicli  are  given  in  the  text 
have  been  illustrated  generally''  by  figures  showing  onlv 
Ibe  principle   of  operation  ;    those   forms  of  ai)paratus 
aIoup   being  represented  in  detail  which  are  typical  or 
ataudard,  or  \vhich  mark  epochs  in  the  progress  of  the 
science.     The  details  of  coubtruction  in  any  actual  c4isb 
can  easily  be  obtained   by  the  student  from  the  cata- 
lognes  of  the  leading  constructors.     Most  of  the  illustra- 
tioBS   bereiu    given    are    entirely   new   and   were    made 
«^)ecia]lY   for  this  work.      A  few  have  been  borrowed 
from  existing  sources.     The  author  would  here  ackuow- 
Irdge   his  indcd>tedness   to   Dueretet    A    Co.,  to   J.    P, 
Miirton  k  Co.,  to   Queen  &  Co.,  to  P,    Blakistou,  Son 
k  Co.,  and   to   Gbin    k  Co.,  for  courtesies  in    furnish- 
io)C  electroty])e8  from   their  publications.     His  thanks 
M«  due  also  to  Dr.  Rowhind  for  spectrum  photographs, 
!o  i£r.  Hchott  for  suggestions  concerning  the  magnetic 
map,  and  to  his  associate  Dr.  Goodspeed  for  assistance 
in  reading  the  proofs. 


va  PHEFACB, 

To  his  fellow-teacbers  of  Physics  the  author  offers 
this  book  as  the  result  of  an  earnest  endeavor  on  his 
part  to  aid  them  in  their  work,  not  only  by  making  the 
facts  and  principles  of  physical  science  more  clear  to  the 
comprehension  of  the  student,  but  also  by  assisting  the 
instructor  to  present  these  facts  and  principles  so  as  to 
secure  a  still  higher  grade  of  attainment  in  our  more 
advanced  institutions  of  learning. 

pHiLADSLPmA,  October  1,  1893. 
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PART  FIRST. 
INTRODUCTORY. 


PHYSICS 


CHAPTER    I. 
THE  PRO\TNCE  OF  PHYSICS. 

Sectios  L — MA'ri"EB  and  Enkboy, 

1.  Eatterual  Nature, — It  is  through  the  mediaui  of 

our  Hennes  alone  that  we  derive  our  kiK^wleilge  of  the  ]>lii3- 

uotncUA  of  external  nature.     A  careful  wtudj  of   iheue 

»lieuomeua  reveals  to  U8  ouly  two  thiuga,  or  eutities,  as 

lariiig  an  actual   aud  objective    existence.     These  two 

\\i^H  are  Matter  aud  Energy.     So  far  as  we  can  deter- 

line,  therefore*  these  two  entities,  in  their  various  formsj 

lake  UJ»  Uie  whole  of  the  physical  universe. 

Matter,  Body,  Siil»«tauce. — Of  the  two  (hinf]p^  just 
lentioued,  matter  aud  energy,  matter  aloue  has  dimen- 
^nn.    Provisioually,  therefore,  matter  may  be  defined 
dial  which   occupies    space.     A    limited    portiou   of 
kttor  is  called  a  body,  aud  a  definite  kiud  of  matter  is 
>keu  of  as  a  sabttance. 

KxAMPi.#w.— Ttus  mrtt«riftl«  wlnoh  we  pj»11  Rlnaa.  iivin,  water,  air, 
foriuH  of  iiiAtt»'r,  since  t]iey  hU  have  dimiMisionH  «ikJ  nil  'X»cu]iy 
:r.      Eni.'Ii  iif   lln'«j  rnateriala  is  r  itpmal  kind  of  niiitter  iitiil 
•rlffl  which  <listinguifih  it  from  all  thf  others.     Heow 
iihlrt  of   rnnttor  is  a  ilisrmct  snbst&nce.     Sitiiilurly, 
Iftlnip,  II  |j«»h>il<\  OP  :i  planet,  each  being  a  limited  portion  of 
is  !*pr)k(»n  of  up  a  body. 
3.  51aw*,  Volume. — Bodies,  even  wlien  made  of  the- 
iin<«  substance,  may  contain  v*»ry  different  qunutilies  of 
latter.      H*'iit'iA  tho  w«trd  mau  is  used  to  indicate  the 
qDAtiiity  of  matter  contained  in  a  body.     Moreover,  since 
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lK)dioB  may  linve  different  dimensious,  the  space  which  a 
lx>dj'  occupieH  is  called  it»  voloine. 

ExAMrtBS.— A  CHmion-baU  and  u  gmno-sbol,  tboUKb  miule  of  th« 
i(*  suMrnnoe,  iron,  have  %ery  differuut  miisscs  nml  vory  diff(?rt»ni 
rolumcs  ;  the  cannon- ball  lieing  th«  moiv  nui&siVf  in  proportion  m 

it  16  larger.     Miit  the  mnnA  of  a  volumt*  of  air  equal  to  that  of  the 

cannori-bnll  would  urideiirly  l>e  very  muob  less. 

4,  C»iiH4»i'vatioii  «r  Matter. — WLatever  the  chai 
which  take  place  hi  matter,  its  miiKS  ronmiiiH  consiaiij 
So  far  as  science  can  determine,  not  a  singly  particle 
matter  him  ever  been  brou^dit  iutf)  existence  by  ai 
human  agency  ;  and  no  ftperation  performed  by  man  bi 
ever  diminished  bv  a  siii^'le  atom  the  quantity  of  tuutter 
in  the  uuiverse.  This  great  fact,  that  matter  is  abso- 
lutely nncreaUiV»le  and  indestructible  by  any  agency 
within  our  control,  Ib  known  afl  the  hiw*  of  the  Conservation 
of  Matter. 

Ex.^MPt.K-S. — C«H)on,  wbich  in  il,s  pure  crystallized  rnrin  wo  kru 
«8  diHutontl,  apiH-urA  ha  |H?tivi1rnni  whon  conil>iiu>d  witti  byditfj 
as  carbon  dtnxidc  gats  when  t'ondiinoil  with  oxygnli,  ati«I  iis  stij 
vfht?ii  coiubiufd  with  biitb  hydiYigcn  /iiid  oxygiMv     RutagivoQ 
of  carbon  may  bo  uouvvrtt^d  sucvuH&ively  into  Iho^e  widely  dilTori 
Mi1)8(Aue(s»  and  yet  remain  a>>iMdulo1y  invariable  in  amount. 

5.  Doftnitiori  of  Knei-Rry.—Euerfjiy  is  apparently  r 
separable  fron^  matter.     No  form  of  energy  is  knovru 
uft  that  iH  not  in  some  way  connected  with  uiattor,  ai 
there  is  no  point  in  the  uuiverHe.  so  far  aH  we  can  asci 
tain,    where    matter    would    cease    to    possess   euex^ 
Enerf(y  may  be  provisionally  defined,  therefore,  ftft'1 
I'imdition    <»f   matter    in  virtue  of    which    any  definite" 
portion  of  it  may  be  made  to  effect  changes  in   oth<j 
definite  portions. 

KxAMPi.Bii. — Tho  water  in  n  flowing  river  j>ossoAses  energy,  »im 
by  its  action  upon  n  water-wIiCHd  inacbinory  inny  U'  put  in  motii 
It  U  tho  energy  contained  in  gnniwwder  widcb  drive's  tho  cannon- 
ball,  n.  is  tbr  energy  contained  in  ttie  food  wo  eat  that  i-nabli^a  m 
To  move  and  ucX  nnd  think. 

fl.  CaiiKervution  of  Energy. — The  present   century 
has  witnessed  the  complete  eHtablitshnmut  of  the  pro] 
ftition  that  the  total  energy  of  the  uniT«rfie  is  constat 
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Into  whatAoever  forays  this  en<»rgj  inaj  bo  converted,  its 
bital  amr>unt  remains  absolutely  unchanged.  Precisely 
as  no  matter  has  ever  been  created  or  destroyed,  ao  no 
energy  has  ever  come  into  existence  or  lias  disappeared. 
This  fiindamentjii  and  far-remliin;:;  piineipleia  known  aw 
tUe  iaw  of  the  Coaservatioa  of  Energy. 

EXAMPLi». — TUe  energy  of  ooal  may  be  tmnaformcd  into  lieiU- 
oBetSj,  Ibis  into  mccbanicfti  cnor^'y,  and  this  ajiraiii  into  electrical 
ttmrgj.  But  Ufltlier  liy  llif^o  tpanHforrnfiiinns,  imr  hy  any  others 
kD»wn  to  Hcionoc,  can  tlio  niimttr^Kt  fmction  uf  piierf;^'  l»c  put  out 
of  lajtii^nev.     lU  form  luav  L-h.'ini;o,  liut  \H  loml  aniniuit  remaiiiK 

tovwri^bla 

T.  Proviiirr  ot*  l*liysk'iil  Si-ioiiec, — It  is  the  provinc^^ 
of  physieal  jsoienee  to  invHstlgato  the  various  tiansfor- 
matioua  which  matter  and  energy  may  undergo,  to  de- 
terrmine  thw  conditions  upon  which  these  truUKforniationa 
dttpe-ud,  and  to  asoertnin  tiie  laws  aecording  to  >\  hich 
Ui«y  Are  effected.  Chemistry  is  concerned  mainly  with 
the  alteration  in  properties  which  the  different  kinds  of 
matter  undergo  when  they  art  iipon  one  anotla-r.  Phy- 
jiioa,  on  the  other  h:ind,  haa  to  do,  chieHy,  with  the  laws 
ac<.N)rdit»;i  to  which  the  tranaforniations  of  energy  iire 
l»rrai'/ht  about. 

MfLEs. — When  wood  biiniH,  or  iron  riistA,  or  nitw-j^lycerln 

.-^1'  -Uf;*rt,  tfift  miitorial  olianifps  which  Ijike  place  in  these  siibstnncos 
ai*  projtMrly  ihe  objfcta  of  chomical  study.  While  the  accoinpiiny- 
iii  ■  -neb  as  tlie  pnxhitMion  of  \wi\\,  of  an  olnctric 

"  '(•«!  (lispInct'Tnrnt.  att)  stiKhe*!  by  physics. 

No  change  in  matter  can  be  effected  without  pmdue- 
II  ''  -1v    some   form   of   enerj^'v  change.     In 

t"  V  cheniiciil  change  uetM'.s.sarily  involves 

"physical  chatige>i.  But  the  converse  of  this  is  not  true. 
Energy-changes  may  take  place,  energy  may  be  traus- 
h-rred  from  one  body  to  another,  witliout  the  production 
of  aaj  corresponding  matter-change. 

~  I  1.^. — Wbon  hyfIru;i-Ti  unites  with  oxyjjpii,  ttie  uuittor- 
y  ntf*r.  the  *MttTi;y-iJivMlnrt  is  hftat.     When  .*nnlij;ht  fiilU 

n  f  ij  plant.  ilt»  energy  t8  Mored  up  in  the  n 

[.:  are  forin«!   by  its  UKcncy.     In«b'*'(I,   the  in      ^ 

ctiADicm  whicb  Rccouipany  chemical  actions  ap«_'  rrlwayn  tn  b© 
nipudod  as  of  r^uitc  as  nitich  importan't*  i*.  Mm  mntter-chnntr''^ 
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On  the  other  hand,  the  change  of  energy  which  takes  place  when 
A  stone  fulls  to  the  earth,  when  a  tuning-forlc  vibrates,  or  when  aa 
incandescence  lamp  emits  light,  is  not  accompanied  by  any  corre- 
st}onding  matter-change,  all  these  phenomena  being  due  simply  to 
energy -transference. 

8.  Definition  of  Phynics. — ^Evideutly,  therefore,  pbj- 
sics  regards  matter  solely  as  tlie  vehicle  of  energy.  And 
beiico  from  this  point  of  view,  physics  may  be  defined  as 
that  department  of  science  whose  province  it  is 
to  investigate  all  those  phenomena  of  nature 
which  depend,  either  njjon  the  transference  of 
energy  from  one  portion  of  matter  to  another,  or 
upon  its  transformation  into  any  of  the  forms 
which  it  is  capable  of  assuming.  In  a  word,  phy- 
sics may  be  regarded  as  the  science  of  energy,  precisely 
as  chemistry  may  be  regarded  as  the  science  of  matter. 


CHAPTER  11. 

PHYSICAL  gUANTITIES. 

Section  I. — Physical  Umts. 

9.  Physical  Mai^iiitu(le8. — Eveiy  physical  quantity 
possesses  a  dpJiuite  inaf^itude,  the  value  of  which  may 
be  more  or  less  accurately  determined  by  njeasuremeut, 
and  which  may  be  more  or  less  exactly  espreHued  nn- 
loerically.  This  vahie  is  always  stated  in  terms  of  a 
qoautity  of  the  same  kind  called  a  unit.  The  process  of 
measnrement  consists  in  comparing  the  (piautity  to  be 
me&Aiired  with  the  unit  and  thus  ascertaining  the 
nniiurical  relation  between  them. 

Kttwn,Fs, — Thus,  length,  aurfncc,  volumo,  intiss.  time,  force, 
at  iiftidi'red  as  physical  quantiliw,  are  capable  of  inoasnre* 

Bi'  1  iinitftof  iu  owu  kind.     The  vnltie  of  a  length  is  always 

ci  '  uiiiitt  of  length,  tliat  of  a  masA  in  units  of  mass,  that  of 

ii*n  *.   I.  >ji.i\A  of  work,  etc. 

lO.  I>ofliiUioii  of  a  Pliyslcnl  Unit. — Inasmuch  as 
Oitly  magiiitudns  of  the  same  1<ind  can  he  compared  with 
t>tnt  another,  th**  unit  of  measure  must  be  a  definite  mag- 
nitude of  tJic  same  kind  as  thn  quautity  to  bo  measured, 
MHitined,  more  or  less  arbitrarily,  for  the  purpose. 
Hisnn*  ihf'Xt'  mast  be  as  many  kinds  of  units  as  there  are 
kiudfr  t'f  iiifi;^^iiitudt>s  to  be  measured.  A  unit  which  has 
beoitme  legalized,  either  by  statute  or  by  common  usage, 
i»  cttlled  a  standard  unit. 

t «  .  ti...  P.M. — Thti  yard  and  the  motor  are  sljindard  unita  of  length; 
T'  'h  definite quantiticH of  length  which  have  LN*en  nasninied 

to  iiiMrs  i.ir  thft  purjioses  of  meafiiirement..  In  a  sirailnr  way,  tl»e 
iQillriii  ha^  iHHfii  aHsumed  :t5  a  unit  of  rapaeity,  the  Biicond  as  a  unit 
ii  UttM,  the  pnnn'l  as  a  unit  of  mn&s,  etc. 
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11.  Fuiulaiikoiitnl  aiHl  l>erl«<  fl't'ultH, — The  earli<^r 
units  eiuplojed  iu  uiejisurt'mpiit  w  '   -ted  Mrl»itrnriljr, 

ftuJ  were  iu  geii*?r»l  iuilependeui  ■  ;inotli(*r.     Aa 

examiufitiou  of  the  relations  exihtiTt*;  between  phyAieal 
magnitudes,  however,  has  shown  '  '  ■  suitiihly  select- 
ing  i:ertain  eleuieutary  units,  all  v  units  neuded 

in  ineasnrenient  luay  be  readily  derive  J  from  these,  in 
virtue  of  these  relations.     In  co  ice,  the  formor 

units  have  been  trailed  fandaxnen  .  and  the  latter 

units,  based  upon  these,  derived  uniti. 

Kx.« Mru:s.  -Thus  iho  fathom  iifia  uoil  of  length,  \hv>  l>Ushol  as* 
unit  uf  capaciiy.  and  the  stunt-  as  a  unit  of  ma^,  ar«  purely  arbi' 
trary  udIIs  bavinir  no  direct  rvlation  to  one  another.  When,  how- 
ever, a  sfjimre  ynrd  ia  tnkMii  n&  the  unit  of  surfaee.  or  a  cubic  meUr 
Au  the  unit  of  vnlutue,  there  Li  a  direct  relaiion  Iwtwetin  these  uniU 
and  the  corresprinding  unita  of  l(;npth  ;  since  geoniotry  toaohty  that 
nurfnee  is  c.\tenrti(»n  in  two,  and  volume  is  exleiiriion  in  Ihnr-r.  per- 
pt'iidiculat'  (lireetions.     Again,  a  speed  is  defined  in   j  a 

length  divided  by  :i  time  ;  and  henee  the  unit  of  8|)eetJ  .^t<1 

in  torm^  of  the  nnit  of  length  and  i)i<>  unit  of  litne.  In  these  cam*, 
the  units  of  length  and  of  time  are  funrlnmeutal  ujiits,ah(I  thr  uotl^ 
of  surfaee,  of  vnlumn,  and  of  a|)eed  are  deriv&d  utdt.s. 

12*   Kxpressioii  uf  a  PhyNlcal  AIng:uilude. — E^ 

expression  re])resenting  the  value  of  a  physical  niagnil 
coilsistft  nf  two  parts,  t)iie  of  whiidi  is  u  nunierioul  j) 
and  the  other  a  unit  part.     The  former,  wiiicli  is  ci 
tlie  numeric  iL^presentH  the  ratio  of  tht^  lungiiitude,  tal 
as  a  whole,  to  the  particular  unit  selected  for  iU  uii 
urement.     Evidently  the  numerical  part  is  the  gi 
the  Urf^er  the  mai^nitud«  represented,  and  the  HUiai 
the  nnit  employed.     Quite  frequenth'  only  the  named- 
eal  part  is  expressed,  the  unit  part  being  underslood' 

EXAMiM.Rs.— Thus  H  length,  regarded  a*  a  phy-iical  tnagnlMi 
may  In*  j^jwiken  nf  aa  ten  metecs  or  wr  Iliirly-ihriT  ff-et;  a  ma* 
eleven  [wunds  or  oi^  five  kilograms.    If  /  repni^enl  a  deHtn'to  Itioui 
antl  1'  a  unit  ^r  length,  the  ratio //A  '\&  the  numerieaJ  vjilue  of 
length  anil  denotes  this  value  in  terms  of  the  unit  employed.     \ 
tJic  nwts6  of  a  body  is  represented  by  tn,  this  can  only  mean  th»t 
Ibody  coutaiufl  m  units  of  mass;  aud  the  complete  cxpr««^ 
♦nfir],  In  which  wi  is  (Imj  numerical  [mrt  or  the  numeric,  and  ( 
rhe  unit  port.     When  a  phjrHioai  (pianiity  is  spoken  of  as  havifK 


mSB^ 


m^ 
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17.  DimeiiHloiiH  of  I>«*rivcMl  UuUs. — Every  phjaical 
nugiutiide  oijiy  be  expre»!4od  iu  terms  .of  the  uuits  of 
nuis8,  Ipogth,  and  time ;  e.g.,  iu  C.  G.  S.  uuits.  The 
particular  valne  of  bucIi  a  quautitj  in  terms  of  the  fuu- 
djimeutal  quautities  of  the  .system  is  called  the  dimea- 
ftio&s  of  that  quantity ;  and  the  value  nf  tlie  unit  of  this 
qOHiitity,  in  terms  of  the  fnudaiuental  units  of  the  system, 
i«  called  the  dimeasioos  uf  that  unit. 

Examples. — Since  a  speed  U  the  mtio  of  a  length  to  a  lime,  the 
dino^iisious  of  s^ieed  are  a  length  divided  by  a  time;  and  the  ditnen- 
ftioti»  of  a  unit  of  speed  are  a  unit  of  len^h  divided  by  a  unit  of 
tiaw:  i-«.,  ft  centimeter  per  hccond,  in  the  C.  G.  S.  system. 

It^.  I>iiucn»ional  Eqiiatiou».  -Equations  Bhnwinf< 
the  relations  existiug  between  derived  units  and  the 
coTT*;8pondin^  fundamental  tinits  of  a  system  are  called 
diiDensional  equ&tioni.  Although  suggested  originally  by 
Fonrier,  th«He  equatir>ns  M'ere  first  brought  intci  use  by 
Maxwell.  They  have  two  important  funetiona  in  phj's- 
io8  :  1st,  to  facilitate  the  conversion  of  physical  quantities 
expre*ified  in  terms  of  the  units  of  oue  absolute  HVHtem 
intii  thone  of  another;  and  2d,  to  furnish  a  check  U]xju 
eqtiation^  of  dotinitiou  ;  since  by  reducing  both  members 
U)  fundamental  unitSi  the  equation  should  become  an 
identity. 

EieAwrtiM.— Thus,  from  thn  equation  of  quantities,  j[.S:J  =  f[/i] 
TT,  wr  may  ohtain.  by  maWiny  the  nuraerica  *,  /,  and  /  unity, 
\\.  '  'ion  ['^1  =[A.j/(r];  which  a-ssorts  that  ttio  di- 

m,.  1  art*  uuit  length  divided  by  unit  time. 

If  aA  I  V\  be  O.  G.  S.  units,  and  \L'],  f  J/'],  and  [T\ 

\0tYA'  '  ■  die  i*onver.slon  from  oue  s>ateni  into  the  other  may 

te  •iwnly  eflect^^d.     A  rod  whose  mass  is  m  i^rnms  may  be  repre- 

tfOivA  M  m[2[l  or  if  its  muss  is  m'  pounds,  by  m'[^f'].     But  since 

\M'] 
II  to  the  same  rod,  m[M]  =  m'lM*];  whence  m  =  w'^g^ .  t  the 

nam  t*t  the  rod  in  gmmn  is  olitained  by  multiplying  its  mass  ex- 
|tRA»ed  in  pounds  by  the  ratio  of  a  ponnd  to  a  gram;  i.e.,  by  4G3*5&. 
fbe  numk»er  of  prams  in  a  jwnnd.  In  the  same  way,  a  given  8j»eed 
may  be  tflpnwented  as  *[.S],  or  «s  s'lS'].  the  units  varying  inversely 

Vitb    the   numorie*.      But   *[«!  =  ^ .  '^J,  and  t*[S']  =  j,-^y 


Since  the  unit  of  time  is  the  second  in  both 
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consequently,  since  *[5J  =  j'[5'l,  we  must  have  - .  f^  =  1..  gj 
But  s  =  l/£  and  jt'  =  i'/l'\  and  hence  * j-J  =  «'—;)■•  or  transpf 

Wiry 

tnoftf  the  last  factor  is  unity.  Whence  tlie  value  of  the  ^eed  ii 
oeDtimoters  per  second  is  nbtuincd  by  multiplying  the  speed  in  feet 
|jer  fiecond  by  the  ratio  of  the  ffx>t  to  the  centimeter,  or  30-4797. 

As  an  example  of  the  second  use  of  dimensional  equations,  we 
may  apply  them  to  test  the  assertion  that  force  is  time-rate  of 
rnergy-chango.  The  dofinition-*yi«ation  is  /[f^  =  <(ff]  ■*-  /fT],  and 
the  dimensional  t^juation  [^  =:  [^]  +  [7'].  Now  the  dimensions  of 
eocrjfy  are  [ML*/T*],  and  the  dimensions  of  force  are  [ML/7^]. 
8nb9tituting.  we  have  [ML/T']  =  [JifL''/T] -i-lT].  Since  this  is 
not  an  identical  equation*  the  fundamental  assumption  on  which  it 
i*  based  is  erroncou-i. 

Every  pbysical  equation  should  be  read  in  terms  of 
the  units  represeutiiig  the  quantities  involved  init.  t' 
units  being  either  generic  or  specitic.  The  oqii; 
9  =  l/t,  for  example,  means  that  a  body  lias  s  tuiits  of 
speed  when  it  passes  over  /  units  of  length  in  t  units 
of  time,  in  auy  absolute  system  ;  or  when  it  describes  I 
centimeters  per  second  in  the  C.  G.  S.  system. 

Sechon  II.— Physical  Measurements. 

19.  Meastireuieut  in  General.— **  All  exact  knowl- 
edge," siivs  Maxwell,  "is  founded  on  the  comparison  of 
one  quantity  with  another."  Such  a  comparison  of  the 
quantity  to  be  measured  with  a  unit  quantity  of  the  same 
kind  constitutes  a  physical  measurement;  the  object 
being  to  determine  the  numeric,  or  the  number  of  thai 
thftt  the  unit  is  contained  iu  this  (juautity. 

20.  Direct  and  Indirect  Measurement. — Both  dltej 
and  indirect  metliods  are  employed  for  the  measurement 
of  physical  magnitudes.  The  direct  method  consists  iu 
applying  a  concrete  unit  of  measure  directly  to  th» 
quantity  to  be  measured,  and  expressing  the  resnlt 
t«rms  of  this  unit.  In  the  indirect  method,  other  q\ 
tities  than  thf  one  under  iuvestigatioa  are  measured, 
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{be  Talne  of  the  quantity  sought  is  calculated  from  tho 
ktu>wn  reUtious  exi.stiug  lictweon  these  luagnitudes. 

ExAXrtJDi. — The  length  of  a  rod  is  iisLvriained  ilirectly  by  ap- 
plying toil  a  rule  or  6cnWdivi(leil  iiitoi'enlimetera  ;  hihI  if  thiskwi^h 
be  ttXAcUy  six  of  these  divigiona.  it  is  aaid  lu  b^ftlx  centimeters  long. 
Bal  tho  Aurfnoe  of  a  plane  rectaugijlur  figure  is  maaauretJ  by  nacer- 
Uiniug  the  lengths  uf  its  sides  and  multiplying  these  together  ;  since 
cbetmH  of  surface  is  the  unit  of  length  s<iunred.  Surface,  thvr*'fore. 
Is  n»easured  ii)dir«H:tly. 

Since  in  auy  absolutti  nystom  a  magnitude  is  nlways 
expreased  in  terms  of  its  fundamental  units,  it  iu  evident 
iliM  in  fluoh  a  system  every  physical  lueaHuremeut  in- 
volres  a  coniparison  with  these  units  only  ;  although  in 
many  cases  intermediary^  or  secondaiy  units  are  em- 
ployed whose  values  are  known  iu  terms  of  the  funda- 
Tn«DtMl  units. 

CXAMfLE^. — The  dimensions  of  work  are  force  per  unit  of  leugth; 
af  foree,  are  iuium  per  unit  Acoelemtion ;  of  noeoleration,  aif^  speed 
|wr  oait  time ;  and  of  speed,  length  per  unit  time.  Ultimately, 
dhtrafore,  ihcdinKinsionsof  work  area  mass  multiplied  by  thewtuare 
yf  a  length  and  divided  by  the  Hqiiare  of  a  time.  In  the  i\  Q.  S. 
ajMMD,  work  in  erp(  may  lie  me^ksured  either  in  the  socfmdary  iinilJi 
m(  foc«i*.  of  aeL'L'leralitiUf  or  of  speed,  or  iu  the  fundamental  units  of 
WwgCh,  mass,  and  time ;  i.e,,  in  centimeters,  gramn  and  seconds. 

But  even  this  method  of  measurement  may  be  simpli- 
fitil.  According'  to  Clifford  '*  every  quantity  is  measured 
by  finding  a  length  proportional  to  the  quantity  and  then 
meaAuriu;:  this  leu^^tb."  Since  by  definition  the  unit  of 
nupM,  e.g.,  the  gram,  is  the  mass  of  unit  volume,  e.j^..  of 
otto  cubic  centimeter,  of  water,  the  mass  of  any  quantity 
of  water  is  known  when  its  volume  has  1>een  ascertained. 
And  the  mass  of  auy  body  whatever  maj'  be  obtained  ixi 
l^iaoui  by  nnitug  the  amount  by  which  a  given  spring  is 
Mtretched  by  it  in  terms  of  the  amount  by  which  it  is 
idrittched  by  oue  gram.  Agaiu,  tho  fundamental  unit  of 
time  may  be  measured  as  a  length.  If  a  line  b«'  traced 
hj  a  body  moving  uniformly,  ec]nal  spaces  ou  this  line 
represent  equal  intervals  of  time.  If  the  line  be  traced 
ou  the  surface  of  a  cylinder  rotating  uniformly,  the  pen- 
cil at  iutervais  moving  parallel  to  the  axis  for  a  short 
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distuuee,  the  time-value  of  these  iutervals  is  determiued 
with  the  greatest  jiccuracy  by  meAsuriug  the  length  of 
the  spaces  represeutiug  them,  provided  the  rate  of  rota- 
tion of  tlie  cylinder  is  known;  Le.,  the  value  of  unit 
time,  one  second,  upon  the  cylinder.  Such  an  instru- 
ment is  called  a  chronograph. 

ai.  Meusureiiioiit  of  I-en^lu— Because  every  quan- 
tity is  measured  by  finding  a  length  proportional  to  it 
and  then  measuring  this  length,  it  is  of  the  gieatest  im- 
portance to  attain  a  high  degree  of  accuracy  in  linear 
measurement.  This  is  accomplished,  in  the  first  place, 
by  decimally  subdividing  tlie  linear  unit,  so  that  when 
tlie  object  Joes  not  cover  an  entire  number  of  units,  the 
fractional  part  may  be  read  on  the  subdivisions.  But  a 
limit  is  soon  readied  to  these  subdivisions,  even  when  a 
lens  is  used  to  magnify  them.  80  that,  in  the  seooud 
place,  some  additional  device  must  be  made  use  of  to 
effect  a  farther  subdivision.  Two  such  devices  are 
employed  iu  practice,  known  as  the  vernier  and  the 
micrometer-screw,  respectively.  The  vernier  consists  of 
an  auxiliary  riile.  sliding  along  the  mam  scale,  ten  divis- 
ions on  which  may  correspond,  for  example,  t<>  nine  on 
the  scale  ;  so  that  the  length  of  one  division  on  the  ver- 
nier is  one  tenth  of  a  scale-division  less  than  that  of  one 
division  on  the  scale.  If,  therefore,  the  quantity  to  l)e 
measured  exceeds  six  divisions  of  the  scale  by  eight 
divisions  on  the  vernier,  its  length  is  6-8  seale-dinsious. 
The  micrometer-screw  consists  of  a  screw  of  known  pitch, 
baviug  a  gnuluated  disk  attached  to  its  head  ;  so  that 
when  turned  tlirough  one  division  on  the  head,  any  point 
upon  the  screw  advances  through  that  fraction  of  the 
pitch  corres]K>ndiug  to  the  ratio  of  this  one  division  to 
the  whole  circumference.  If,  therefore,  the  bead  la 
livided  int<^  one  hundred  equal  parts,  and  if  to  pass  oyer 
given  length  twelve  turns  and  forty-five  divisions  of 
the  head  are  reqaii*ed,  the  length  measured  is  12'4o  times 
the  value  of  the  pitch  of  the  screw. 

Examples.— The  soalps  iiseil  in  nctiml   mensurpmont  of  length 
art*  &u  gooernl  muUjptes  or  siib-miiltfple6  of  ihe  muU-r.     Thi*>*  ure 
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divided  into  centimeters  and  millimeters,  and  these  latter  into  fifths 
and  sometimes  tenths.  For  use  with  the  microscope,  scales  are  used 
divided  into  hundredths  and  even  thousandths  of  a  millimeter ;  i.e., 
into  microna.  Verniers  are  direct-reading  when  they  read  in  the 
same  direction  as  the  scale,  and  inirerse-reading  when  they  read  in 
the  opposite  direction.  In  the  latter  case  the  number  of  vernier 
divisions  is  one  more  than  the  corresponding  number  of  scale  divis- 
ions. If  a  length  of  9  millimeters  on  the  scale  be  divided  on  one 
of  the  verniers  into  ten  parts  and  a  length  of  11  mm.  be  divided 
on  the  other  into  ten  parts,  the  value  of  one  division  on  the  first 
vernier  is  0'9  millimeter  and  on  the  second  1*1  millimeters ;  the  excess 
in  both  cases,  or  *'  least  count "  of  the  vernier  being  0*1  millimeter. 
If  a  length  measures  6  scale-divisions  and  8  vernier-divisions,  its 
valae  is  6  +  0*8  millimeters  with  the  former  vernier  and  7— -3  or 
6'8  millimeters  on  the  latter,  the  second  being  read  backward.  If  a 
micrometer-sorew  has  a  step  or  pitch  of  0-1  millimeter  and  its  head 
is  divided  into  one  hundred  equal  parts,  the  value  of  one  division  on 
the  head  is  01  x  001  or  0001  millimeter. 


PART  SECOND. 
MASS-PHYSICS. 


CHAPTER  I. 


KINEMATICS. 


l^cmoN  I.— Motion  in  Generau 

^1i.  Position  and  Motion, — The  simplest  change 
which  a  material  particle  can  undergo  is  a  change  iu  its 
position.  Tlie  position  of  such  a  particle  is  aetormined 
bj  itfi  distance  and  direction  from  a  point  of  reference 
calle<l  the  origin.  Any  change  in  this  position,  there- 
fort?,  must  alter  either  the  distance  of  the  particle  from 
the  tixed  point  or  its  direction  from  the  point,  or  both. 
Change  of  position  is  called  motion.  If  the  distance  of  a 
article  from  the  origin,  and  its  direction  with  reference 
to  it.  continue  unaltered  for  a  given  time,  the  particle  is 
fuutl  to  be  at  rest,  relative  to  the  origin,  during  that  time. 
WUrw  these  values  are  changing  with  the  time,  tht;  par- 
ticle id  said  to  be  iu  motion.  No  motion  of  matter  is 
insitantflueous.  For  a  particle  to  pass  from  one  position 
tif  another,  it  miist  occupy  a  definite  time  iu  the  transit, 
uud  it  must  pasB  through,  on  its  way,  all  the  intermediate 
points  bet^veen  its  initial  and  final  ponitions. 

If  0  (B'ig.  1)  reprettent  the  point  of  reference,  or  origin,  and  A  a 
terial  pariiclt\  tho  lino  OA  dravm  from  the  origin  to  tlio  juirtielo 
■•■  its  length  and  Uirec- 
II  of  the  particle  A 
:ii*t'  to  tbfl  origin  0.     If  B 
'  t  wx'ond   particle,  tho  line 

ill  rcpnuK'Ut  tbe  position  of  this 
,...  i;le  B  with  rofercnce  to  the  same 
pfriiit  O.  For,  I»y  marting  from  this 
po^nt  and  poking  ixUmj;  the  line  OA 
or  lh«Iln«(ii*,wo»houUI  reach  A  or  5.  Fio.  i. 

i'  .'  Wftv  the  line  AB  would  represent  the  position  of  B  with 

;.  A.  ami  the  line  BA,  tlie  position  of  A  with  respect,  to  B.     If 
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a  particle  at  the  point  A  wore  to  change  its  position  so  as  to  bring  U 
to  the  point  By  its  direction  with  rufereuce  to  0,  »s  well  as  its  dis- 
tauoe  from  this  point,  will  lK;lh  bare  changed,  and  the  particle  is 
said  to  hare  moved  from  A  to  ^.  the  motion  taking  place  along  ihr 
line  AM.  This  motion  must  hare  re<iuired  a  definite  time,  and  tiie 
particle  must  have  oocujiioii  successively  every  iutermwiiate  point 
tictwcon  A  and  B, 

23.  I>efliiitiou  of  KiuenuitivM.  —  That  brauoh  of 
seieuce  which  studies  motiou  iu  tlie  abstract  witliont 
reference  to  the  character  of  the  body  moved,  or  to  the 
antecedent  or  consequent  conditions  of  its  motion,  is 
called  Elinexnatics,  from  Ktvrf^xa^  motiou  (Ampere.)  The 
stndy  of  pure  motion,  then,  uncomplicated  hy  collatoral 
phenomena,  constitutes  an  approjjriate  introduction  to 
the  consideration  of  mass-physics. 

24,  Clussillcatiou  of  Motions. — By  material  parti< 
is  meant  a  body  so  small  that  the  distances  betwei 
ita  parts  may  be  neglected  in  any  given  case  \rith< 
Benaible  error.  The  motion  of  such  a  particle  causes 
change  either  in  its  distance  from  the  origin  or  iu  il 
direction  from  it,  or  iu  both.  If  the  change  is  one  of 
distance  alone,  the  particle  describes  a  straight  line ;  i( 
it  is  one  of  direction  alone,  it  describes  a  curved  liiMi, 
This  motion  along  a  line,  which  is  the  only  motion 
particle  can  have,  is  called  a  motion  of  translatioit 
body  of  sensible  magnitude  is  said  to  have  a  motion 
translation  when  all  the  particles  contained  in  it  move  19 
parallel  and  equal  lines ;  so  that  the  motion  of  the 
is  completely  defined  by  the  motiou  of  uu}'  one  of 
particles.  Again,  the  particles  in  a  body  may  mov^ 
cii'cles  whose  centers  are  on  a  common  line  or  axl 
Sach  a  motion  is  called  a  motion  of  rotation.  While  in. 
motion  of  translation  the  direction  of  every  straight 
drawn  within  the  body  remains  fixed  and  the  line  movi 
always  parallel  to  itself,  in  a  motion  of  r*>t*ition  t] 
direction  of  such  a  straight  line  in  the  body  is  coni 
ally  clianging.  Both  translators  and  rotatory  mo( 
may  be  continuous  or  intermittent,  uniform  or  vari&bl 
In  both,  the  direction  of  the  motion  may  be  couHtant 
alternate,  the  body  iu  the  latter  case  mo\iug  to  and  f| 
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to  equal  ilistADces  on  e&cli  side  of  its  normal  poKitton 
vrhen  at  re»fc.  Sncli  a  motiou  is  called  a  motion  of  oicilla- 
tioo. 

CxAMJ'Liss. — The  motion  of  a  sail-boat  oo  water  or  ice  when 
reeOlincar  may  U«  takvu  h«  an  example  of  uiotiun  of  IrnnsliUion^ 
Mill  tiM!  mutton  of  tho  Qy-whocI  of  a  stationary  aleatu-onglDe  as  i\\\ 
uxample  of  motion  of  rotation.  In  general,  however,  these  two 
Biotk>o» coexist.;  da  in  the  rasoof  a  rifled  projectile,  of  a  screw  mit*?r- 
iog  wood,  of  the  drhing-wheel  of  a  locomotive,  or  of  a  phinet  in  ilK 
urliit.  TUt*  motion  uf  u  puudulum,  and  of  the  bjUance-wheol  of  ii 
VAic]i,  are  motions  of  oscillation. 

Hilbcrto  the  body  moviug  bus  been  assumed  to  be 
rigid,  so  that  no  change  in  its  size  or  shape  takes  place 
daring  the  motion.  Bodies  which  are  not  ri^rid  are  said 
to  be  &la»tic ;  and  the  relative  motion  of  the  parts  of  an 
ebistic  body  producea  a  change  either  in  its  size  or  in  itn 
abape,  or  in  both.  Such  changes  in  the  size  or  shape 
o(  4a  phistio  bod}'  are  called  strains. 

23.  Provlfu'o  of  Kliiciiiatics. — It    is   the    object   of 

i4*i«Atica  to  teach  us  '*  how  to  describe  motion  accu- 
ratelyaiid  bow  to  compound  different  motions  topethor" 
(Ciiffordt.  For  ])nrposes  of  atiidy,  Kinematics  is  con- 
Tiftniently  subdivided  into  three  sections  based  upon 
Ibd  o]a«»ificntion  above  given.  Tliese  sections  are  as 
IdUows  ; 

1.  Motion  of  particles.     Translatory  motiou. 

S.  Motion  of  rigid  bodies.     Rotatory  motiou. 

3.  Motion  of  elaatic  bodies.     Strains. 


Bbction  II.— Motion  of  Tilvnslation. 


t: 


y-."  :trnnd  CiirviUuoar  Mutiou. — In  simple 
t:  '   the  position  of  a  particle  with  res|(tict 

to  Uin  origin  may  vary  (1)  px  magnitude  alone,  as  when 


*    '71  is  along  the  line  connecting  the  particle  witlL. 

I.  the  motiou  being  rectilinear;  (2)  in  directipj^ 
OM  when  the  motion  is  constantly  perpendicular 
^:Tie,  the  motion  being  curvilinear  ;,OT  (H)  in  both 

."  and  direction,  as  when  the  motion  takes  place 
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iiloug  au  oblique  line,  the  motion  being  either  rectiliiiGBT 
or  curvilinear. 

27-  Velocity,  Speed. — Whenever  a  particle  moves 
oontinuously  its  motion  is  measured  not  only  by  the 
JisUince  through  which  it  moves,  but  also  by  the  time 
o(!cupie<l  in  traversing  this  distance ;  the  motion  being 
greater  for  a  given  time  the  greater  the  distance,  and 
for  a  given  distance  the  smaller  the  time.  The  rapidity 
with  which  a  pai*ticlo  moves,  i.e.,  its  rate  of  motion,  or 
rate  of  change  of  position,  is  called  its  velocity.  Velocity, 
therofore,  may  vary  in  both  magnitude  and  direction. 
When  regarded  as  so  varying  it  is  evidently  a  directed 
((uantity,  or  a  vector.  If  the  magnitude  only  of  the 
change  in  position  be  considered,  the  rate  of  motion  || 
usually  expressed  by  the  term  speed. 

as.  I'niforni  and  Variable  Velocity. — Tl»e  velocity 
of  a  particle  mav  be  uniform  or  variable.     It  is  oniform 

km.  , 

when  the  change  of  position  in  the  second,  third,  or  any 
subsequent  unit  of  time  is  the  same  as  that  described  in 
the  first  unit.  In  uniform  motion,  equal  chang*^^  ^ 
position  tiike  phice  in  equal  times,  and  unequal  vh., 
of  position  take  place  in  times  M*hich  are  proportioDai  U^ 
these  changes.  If  the  times  are  not  proportional  Ui  Ui 
changes  of  position,  then  the  velocity  of  the  pjirtie)« 
said  hj  be  variable. 

Examples.— Tlie  speodCor  m«>cnitndo-ve!ocily)oi  a  i»a 
lug  oviT  10  (jontimeters  in  each  sm.'ceh«ivt?  second,  <)r  o\' 
meters  in  li  soiwiuls.  .')0  centimeters  in  5  aeci-tnds.  or  100  r 
in  10  seconds,  is  rtuid  to  Iw'  uniform.  Hnt  if  il  m- 
oontimt*u»ra  in  1  eocond,  or  13  centiin«tors  in  3  %vr 
21  orniimeters  in  3  seconds,  its  H{Ked  \&  sHld  to  )i< 
direction-velocity  of  a  particlo  moving  in  a  circle  so  ns  i  i 

iin  arc  of  len  degret«  each  succpssive  necond  16  nnifoi/' 
locns  of  the  panicle's  motion  \n*  the  !>pinU  of  ArohimcHles 
will  be  uniform  both  in  mfiRnitudo  and  dimction, 

SO.    Diuicnsioiis   ol'  Speed.  —  Evidently    *** 
speed  is  uniform  the  entire  space  described  by 
ing   particle    is   obtained  by  multiplying   the 
p4issed  over  in  one  unit  of  time  by  the  numbei 
of  time  daring  which  the  motion  continues.     * 
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Uid  entire  distance  be  I  uuits  of  length,  the  space  de- 
scribed in  uuit  of  time  be  s  unite  of  Jecgth,  and  the 
tim«  occupied  be  t  units  of  time,  the  characterintic  equa- 
tioD  of  nniforiu  motitm  will  be 


l=8t. 


tl] 


Since  by  transposition  «  =  l/t,  the  speed  of  the  particle, 
or  the  rate  of  its  motion,  is  measured  iu  terms  of  the 
space  over  which  it  pasHes  in  one  unit  of  time.  If  iri 
this  equation  /  and  /  both  be  made  unity,  h  will  alHc»  be- 
come uait^- ;  so  that  the  tmit  of  speed  is  at  once  defined 
rate  of  motion  iu  which  a  uuit  of  length  iw  ile- 
iu  a  uuit  of  time.  Hence  in  the  C.  G.  S.  ayatem 
the  auit  speed  is  a  centimeter  per  second.  It  is  a  Je- 
rired  nnit  luid  its  tlimeiisions  are  [L/T]  or  [LT~^],  It 
ha»  receivf'd  no  sjioi-ial  name. 

£xjiicple8— If  H  particle,  moving  uniformly,  passes  over  lOO 
ornttfDcttfrK  in  20  fitH.'uniJti,  or  over  180  voritinieturs  in  36  seconds,  it 
oliviottsly  moves  over  tlvc  centimeters  in  cnch  second.  Its  rale  of 
4!baiige  nf  position  nloug  the  lino  of  '\i&  motion,  tlicrefore,  Le./ita 
f|p^«i,  would  be  live  centimeters  per  second. 

:iO,  Acc4-Iernti<»ii. — If  tlie  linear  space  described  by 
a  iDoring  particle  iu  each  8UCce8Hive  uuit  of  time  be 
l^ntater  or  leHH  than  that  d(^scril>ed  in  the  first  unit,  itn 
Mpeed  IM  variable,  ami  the  rate  of  motion  of  fclip  particle 
i9«Aid  to  be  accelerated;  ponitivolyif  the  variation  be  an 
in-  f  speeW,  ne^'atiwly  if  it  be  a  decrease.     The 

at-  'U  itself  is  said  to  Ite  uniform  wlieu  in  each 

anccesaJTe  nnit  of  time  the  iucrease  or  decrease  of  the 
«p-  '  *  the  same  value.  The  menHuro  of  acceleration 
ih  the  rati**  of  the  total  chau^'e  of  apcecl  to  tlie 

time  in  which  it  is  efYected.  So  that  acceleratiou  may 
be  deHncfl  a8  rate  of  change  of  speed,  precisely  as  speed  is 
deiiDi*<l  as  rate  of  change  of  position.  Hince  the  total 
change  of  speed  is  obtained  hy  multiplying  the  change 
per  nnit  of  time  by  the  number  of  units  of  time  required, 
the  fnudamcntal  equation  of  acceleration  ^vill  be 


tf  =  m/, 


r2i 
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in  which  s  represents  the  total  increase  or  decrease  of 
speed  during  the  time  ^  and  a  the  increase  or  decrease 
of  speed  per  unit  of  time.  EvidentI}'  since  a  =  «//,  the 
ac'celenitiou  of  n  moving  particle  is  unity  when  a  unit  of 
speed  is  gained  or  lost  in  each  unit  of  time.  If  accel- 
eration be  detined  us  the  time-rate  at  which  speed 
is  lost  or  gained,  the  unit  of  acceleration  will  be 
that  acceleration  in  which  a  unit  of  speed  ia 
lost  or  guiued  per  unit  of  time.  In  the  C.  G.  B- 
system  the  unit  of  speed  is  a  centimeter  per  secotid; 
and  hence  the  unit  of  acceleration  is  an  acceleration  of 
a  centimeter  per  second  p4M'  second.  The  dimensions 
of  the  unit  acceleration  are  [LT''']. 

Examples. — A  particle  starting  fn>ni  rest  and  moving  over  five 
oeritimf^ttirs  the  tirst  second,  ten  centimeters  the  second  Accond,  and 
fifteen  centiiueterstbe  third  second,  obvioujily  gains  live  eentimeters 
eiicli  -second;  i  e. ,  it  has  a  positive  acceleration  of  fiw  C.  O.  R.  units. 
If  itA  motion  continue  for  25  seconds,  it  is  evident  that  the  foliil 
positive  Hccelenition  will  bo  5x25  or  125  nnits,  and  the  pnrticJt* 
will  have  a  final  speed  of  125  centimeters  |>crseeond.  tio  a  particle 
moving  with  a  speed  of  13  units  the  first  second.  10  the  second, 
fl  the  tliinl,  and  so  on,  has  a  negative  acceleration  of  2  units ;  ») 
that  if  this  condition  of  tilings  continue  for  6  seconds,  the  particle 
will  coiuo  to  rest. 

ill.  Space  described  in   Aocclerated  Motion. — Th« 

space  descrilied  by  a  moving  particle  in  a  given  time  ia 
always  the  product  of  the  speed  b^'  the  time.  In  uni- 
form motion,  liowever,  the  speed  is  constant;  while  ia 
accelerated  motion  it  is  variable.  In  the  latter  ci 
therefore,  it  is  the  mean  or  average  speed  of  the  particle 
which  the  time  must  be  multiplied  in  order  to  obt^iiu 
distance  traversed.  This  mean  or  average  s)>eed  ia 
lined  as  the  speed  which  a  uniformly  moviji 
must  have  in  order  to  describe  the  same  ti»t.ii  ,  m 
the  same  time,  and  therefore  is  the  quotient  of  the  en* 
tire  space  hy  the  entire  time  taken  to  describe  it.  It 
will  represent  the  actual  speed  at  any  given  instant  tha 
more  exactly  in  proportion  as  the  interval  of  time  is 
smaller.  If  the  acceleration  be  uniform,  t)ie  mean  or 
average  speed  is  one  half  the  sum  of  the  initial  ami  final 
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Speeds ;  or  if  the  particle  start  from  rest,  one  half  of  the 
^lal  speed.  If  the  speed  of  a  particle  be  «.  at  the  be- 
ginniag  of  the  time  couHulered,  aii<I  a^  nt  tlie  (*rul  of  this 
time,  the  total  change  of  speed  during  the  interval  is 
clearly  *,—'*«;  *n»d  the  rate  (;f  change  of  £i|>eed  or  the 
acceleration  is  {h,  —  it^)/t.  This  is  positive  or  negative. 
obvionHly*  according  as  the  tiual  speed  -9.  or  the  Initial 
speed  *,  is  the  greater.  The  mean  speed  during  the  in- 
terval ia  ^(«,  —a,).  In  case  the  particle  start  from  rest, 
«,  is  zero;  whence  the  accelenitiou  is  8^/f  and  the  mean 
or  avenigt:*  speed  is  i«, .  The  space  traversed,  being  the 
product  of  the  mean  speed  by  the  time,  is  ^,<.  Hence 
the  second  fundamental  equation  of  uniformly  accel- 
«rattfd  motion  may  be  vrritteii : 

/  =  i*/.  [3] 

It  expresses  the  space  described  in  terms  of  the  mean 
Kpoad  and  the  time.     Evidently  this  space  is  the  same 

tliat  describtf^d  by  a  particle  moving  uniformly  for  the 
V  time  t  with  tlie  speed  Jv^. 

32.  Grrtphic  Mi'thod  ol'  llluKtnitiuii. — Tliis  subject 
may  be  illustrated  graphically.  Hince  a  line  is  meas- 
ure<I  in  lujits  of  length,  it  is  evident  that  any  physiojil 
quantity  whatever  may  bo  represented  by  a  line»  upon 
tV>  atiou  that  a  unit  length  of  tlie  line  shall  be 

t  lopresent  a  niiit  of  the  quantity.     Thus  a  line 

ftte  cenlitnetera  long  may  be  taken  to  represent  five  uuith 
of  time,  five  unit^i  of  speed,  or  five  units  of  acceleratiiMi, 
*lc.  Moreover,  sincp  the  product  of  two  lines  is  geomet- 
y  au  area,  it  is  clear  tjjat  if  we  lay  oflf  on  the  axis 
•  11  :ii>Hci.sMjiA  a  lengih  equal  to  thn  tiiut^,  and  on  the  axis 
of  ordinates  a  length  equal  to  the  speed  iu  uuifi>nu 
motion,  the  space  described,  lieing  the  product  of  the 
sp^ed  by  the  time,  will  be  represented 
hj  Ute  area  of  the  rectangle  having 
the^o  co-ordinates  as  sides;  as  is  il- 
Itt-^*— »"-l  in  Figure  2.     St>  in  uniformly 
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a-  d  motion,  if  the  initial  speed    o 

be  seru  and   the    tinal    speed  h^  ,  the 

v..^--*  described  in  the  time  i  will  be  represented  bv  tl 
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area  of  a  rigbt-augled  triangle  as  iu  Figure  3 ;  i.e.,  bj 
the  product  J*,/.  Hence  the  linear 
Hpace  described  by  u  particle  moving; 
uniformly  for  the  time  t  with  the 
speed  9  is  twice  that  described  bj  a 
particle  wliicli,  starting  from  rest,  ac- 
quires this  speed  at  the  end  of  the  time  t.  Moreover, 
the  area  of  this  triangle  in  the  same  as 
that  of  a  rectangle  of  half  the  height,  "*' 
as  is  shown  by  Figure  4.  Hence  the 
space  described  by  a  given  partiile 
moving  for  /  units  of  time  with  an 
acceleration  of  a  units  is  the  same  as  o 
that  described  by  a  second  particle 
moving  uniformly  for  the  same  time  with  a  speed  one 
half  as  great  as  that  finally  attained  by  the  tirst. 

33.  Otiier  RqiiutioiiK  ot*  Unit'oriiily  .\<*releratrfl 
Motion. — We  have  now  obtained  two  equations  applica- 
ble to  uniform  acceleration,  one  of  which,  $  ^  (v/,  givea 
the  total  speed  acquired  in  terms  of  the  acceleration 
and  the  time,  and  the  other,  /  =  J*/,  the  space  described 
in  terms  of  the  final  speed  and  tlie  time.  If  we  subftti. 
tute  iu  the  second  equation  the  value  of  s  from  the  &*st, 
we  obtain  the  new  equation  I  =  J'//',  whicJi  gives  thu 
space  described  in  terms  of  the  acceleration  and  tlie 
time.  And  further,  if  /  be  eliminated  iK'tween  the  laat 
two  equations,  still  another  equation  is  obtained,  n'  =  2"'. 
which  gives  the  speed  acquired  iu  tenus  of  the  acr. 
tion  and  of  the  space  described  during  the  motion,  ibi 
four  equations  of  uniform  acceleration  are,  theref«ire. 


8  =  iti^ 

If  instead  of  <;itarting  from  rest,  as  supposed,  the  pftT- 
tide  has  an  initial  speeil  \ ,  ita  final  speed  ds  simply  the 
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anm  of  this  iuitial  opeed  aud  the  acquired  speed.    Aud 
the  iibove  equatious  become 


;  =  «.<  +  i«r; 
«.'  = ».'  +  2«/. 
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Equation  [7]  may  be  graphically  represented  as  follows 

^ig.  5),     Here  it  will   be  seeu  th*it 

the   total  area  wLicb   reprefteuts  tlie 

space   deacribe<l   in    the    sum   of   tlie 

»ne»j4  represeutiiif:;  the  space  debcribnl 

uuifornily    am!    the   space    described 

HJili  iK'celerated  motiou.     Hence  the 

eqtutiou  may  be  written 

z  =  «.^  +  *v. 

ifi  wbich  «,:=«,—*.. 

In  those  caMOK  the  acceleratioit  has  boeu  supposed 
itive.  If  it  be  negiitive,  it  will  diminish  the  initial 
i\  and  tiuallr  reduce  it  to  zero,  thus  bringing  the 
parliftle  to  rest  Then  if  it  continue,  an  increasing 
1  will  l»o  generated  in  the  opposite  direction.  The 
equations  are  applicable  in  thin  case,  the  sign  of 
the  acceleration  only  being  changed. 

:I4.  <:iirvilfiiear  Mcitioii. — Hitherto  the  velocity  has 
be«n  supposed  to  vary  only  in  magnitude.     But  it  may 
in  direction.     In  case  it  varies  only  in  direc- 
.^-   'iistance  of  the  particle  from  the  origin  remains 
tered  but  its  direction  continually  changes  ;  so  tliat 
cle  describes  a  circular  })ath  about  the  origin  aa 
In  general,  however,  the  velocity  of  a  moving 
changes  continually   both   in   magnitude  aud 
its  path  beinr;  a  curvilinear  one.     The  rate  of 
"  tliriMtifiu  of  a  curvilinear  path  per  unit  length 
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of  the  path  is  called  its  corvatare;  au<l  ihm  curval 
may  be  constant,  as  in  the  circle,  or  variable,  as  in  the 
parabola,     A  straight  line  has  zero  curvature. 

If  the  path  described  by  a  moving  particle  be  a  cir- 
cle, and  tangents  be  drawn  to  the  circle  at  two  of  ita 
points,  the  angle  a  between  these  tangents  xueosures  the 
change  of  direction  of  the  path.  The  ratio  of  tliia  angle 
to  tlie  length  of  the  arc  a  between  the  pcnnts,  i.e.,  a/a, 
measures  the  space-rate  of  change  of  direction  or  the 
curvature.  But  since  in  the  circle  the  angle  betweea 
the  tangenis  is  the  angle  between  tlie  radii  drawn  to  the 
t»ame  points,  the  arc  a  expressed  in  circular  measure  is 
the  product  of  this  angle  into  the  radius,  or  rn.  Whence, 
substituting  this  value  for  the  arc  a  itself  in  the  above 
ratio,  we  have  oi/ra  or  2/r  as  the  measure  of  the  curva- 
txire.  Hence  the  curvatnre  of  a  circle  is  numeri^'ally 
equal  to  the  reciprocal  of  its  radius.  In  the  case  of  any 
other  curve,  a  circular  arc  may  be  found  which,  for  anjr 
particular  point  of  it,  coincides  with  the  curve.  Tb# 
curvature  at  this  point  is  the  reciprocal  of  the  radius  of 
this  osculating  circle. 

35.  Direction  -  iiccelcration.  —  Hodograpli. — If,  si 
successive  instjints,  lines  ha  drawn  from  a  given  ]>oint  as 
origin  so  as  t^>  represent  in  magnitude  and  direction  the 
actual  velocity  of  a  moving  particle  at  these  instiiut^*,  th« 
extremities  nf  these  lines  will  lie  on  a  curve  wliioh  is 
called  tlu»  hodograph  of  the  motion  of  the  particle.  If 
two  points  be  taken  on  this  Juulograph,  the  portion  ol 
the  curve  lying  between  them  will  represent  the  chiil 
of  velocity  in  the  interval,  or  the  mean  acceleri 
The  actual  acceleration  at  any  point  is  the  limiting  val 
of  the  hodographic  velocity,  as  the  distance  between 
points  is  continually  diminished.  Moreover,  the  dii 
tion  of  tlie  tangent  to  the  hodograph  at  any  jHtint  repil 
sents  the  direction  of  the  acceleration  of  the  mov 
particle  at  tlie  c*»rre8ponding  point  of  its  path  ;  and  the 
speed  in  the  hodograph  at  this  point  represents  the 
amount  of  the  acceleration  of  the  monng  particle. 
(Tlmmson  and  Tait.1 
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EXAKPLESL— If  the  velocity  of  n  moving  jtarliclc  be  unifonu,  llie 
magnitnrlc  m»<l  directioo  of  its  motiun  iire  both  consrHra  utid  the 
bodograph  i*  isvidcutlya  point.  If  Uie  raagMituUe  of  the  velixiiiy 
be  uniformly  ncwWruIwl  while  its  dirtKition  remains  constant,  tlio 
bodojjrnpli  of  Ihe  inolioti  Is  a  struight  line  along  which  thu  Bpeetl  is 
oatfonn.  If,  ou  the  other  haud,  the  magnitude  of  the  vWocity  be 
coti.«iant  while  its  direction  changes  uniformly,  as  when  the  pHrticln 
describee  a  circle  with  uniform  motion,  the  h*xiograph  is  also  a  cir- 
cle ainng  which  the  speed  is  uniform.  Hence  the  ac»;eIeralion  of 
ikuch  A  moving  particle  is  constant  in  magnitude;  and  since  the  tan- 
gvttt  to  Ihe  hodograph  at  any  point  is  parallel  to  tho  c»»rreftponding 
ndiitt  of  the  circle  in  which  the  particle  is  aclunlly  moving,  the 
ditvction  of  this  constant  acceleration  is  towards  tho  center  of  the 

Til  determine  the  mngnitade  of  this  constant  acceleration,  we 
may  prooewl  thtjs  (Fig.  6):    Suppose  the  particle  to  move  in  tlie 
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of  radius  r  with  the  uniform  spee<]  .*.     The  mMjtrnitudR 
■ji  :..n  of  the  velocity  at  A  are  represented  by  the  tangent  Aa, 

And  at  B  by  Ihe  equal  tangent  Bh.  To  construct  the  ho<lograph, 
a^ftiimi*  anv  fixed  point  O  as  oriKin,  and  draw  tho  lines  OP,  OQ 
o«:  i^nitudr^  to  the«e  tangents  and  parallel  to  them  in  direo- 

t^iu  iii.  :^*  two  lines  will  represent  the  velocity  of  tho  moving 
purftoJe  al  these  two  points  A  and  B  in  horh  magniinde  and  direc- 
ts "  iti<»  curve  connecting  tlii<  outer  oxtreniitii'S  of  thesi*  linos 
i-  ijrivph.  Sinec  the  sfiopd  is  uniform,  all  tho  lineK  drawn 
ti  inal  in  length;  and  hence  the  bodograph  will  bf  a 
ri-  1-,  the  tangetii  :ii  /'is  paridli-I  to  AC,  and  Ihe  tan- 
jrni  .ti  V  '^  paridlrl  to  t'B.  Ilmco,  f<inc**  the  tangent  to  a  hodo- 
jpmr.f.!.-  '-urvv  repri'Konts  the  direotion  of  the  acceleration,  the 
s)i  of  n  particle  at  the  jwiint  A  i*  along  -I'^  and  at  B  along 
ft*  »M*  .tcoolwation  bring  always  dire<'ted  toward  the  center  of 
the  tArtU  in  which  the  particle  moves.  Further,  the  point  P  de- 
irclr  PQ8  in  the  same  time  that  the  ymrtiele  itself  moves 
and  )irnce  their  speeds  are  proportional  to  the  radii  of 
or  n»  AC  tr>  Op.  Since  AC\»  r  and  OP  is  *.  wp  have, 
II  the  hodotfraph  :  the  speed  o-^he  f«iiticle  : :  the  radiu* 
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of  the  hodogmpli :  tlie  radius  of  the  putb  described  by  the  particle; 
or 

From  which  we  have  V  =  s*/r.     But  the  speed  of  the  point  P  in  the 
hiulograph  ivi)res4;:its  the  accelcrntion  of  the  particle : — 

Consequeutly,  when  a  particle  is  luoviug  uuifonnlj 
ill  a  cin'lft  it  experiences  a  couHtant  acceleration  toward 
the  center  of  this  circle,  the  magnitude  of  wluch  \h 
directly  i)rojiortioual  to  the  product  of  tLe  s(piare  of  ita 
speed  by  tJie  curvature  of  the  circle.  It  will  be  noticed 
that  although  the  motion  of  the  particle  i»  coutitAUtlj 
accelerated^  its  Hpeed  remains  uniform. 

Section  III.— Composition  and  Resolution  of  Motions, 

VEUXimES,   AND  ActTXERA'nONS, 

•iO.  <'oiii|M>sitioii  ol*  Uniform  Motions. — Since  mo- 
tions are  definite  qnautiticN,  thi'v  may  be  added,  Htib- 
tracted,  or  otherwise  combined  with  each  other.  Exper- 
iment sliowK  tliat  the  result  of  the  concurrent  action  of 
two  or  more  motions  is  a  single  motion ;  and  that  if 
these  original  motions  are  constant  in  speed  and  direc- 
tion, the  result  is  a  motion  in  n  straight  Hue.  also 
constant  in  speed  and  direction.  This  single  motion  im 
called  the  Resultant  motion,  and  tlie  mr>tions  producing 
it  are  called  Component  motions.  If  the  component 
motions  talve  place  along  the  same  straight  line,  each 
will  produce  its  own  eflfect,  and  the  resulting  tnotiou 
will  be  either  the  sum  or  the  diflference  of  the  two,  ac- 
cording as  they  are  similarly  or  oppositely  directed.  lu 
other  words,  tlie  resultant  motion  T^dll  be  the  algebraic 
sum  of  the  component  motions. 

Examples. — If  n  person  wailc  upon  the  dock  of  a  moving  «hip, 
bis  resultant  motion  will  dopcnd  iijtoii  tho  dirootion  in  wliicb  \w 
hiraself  moves.  If  he  walk  toward  the  bow.  the  component  motion* 
Are  both  positivo  or  both  no^jative.  according  to  tho  oonvenlion 
lulopted,  and  tho  rosnltant  niotiun  \&  their  Hrithmetic4d  aum.  If 
towartl  the  slern,  one  compont.'nt  is  negative  and  the  other  |)ositive 
nnd  lhi>  rcaultant  is  the  urithnieticnl  difference  of  the  two.     If  in 
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the  latter  cose  the  two  tiiDtiona  are  equul  in  magnitude,  the  re8tilt» 
nut  in  zero,  nod  the  position  of  lh«  {x;rson  relHtive  to  an  uuUtde 
|ioinr  remains  unchan|,ted.  In  every  cjwe  the  resultant  of  two 
coiui>oueDt  motitfus  alon^  the  sjime  striiight  line  is  their  a]gebrnio 
sum. 

If,  Lowever,  the  two  componeut  motions  are  not  aloii*; 
tUe  H&nie  straight  line,  their  directionH  will  form  au 
augle  with  each  other ;  and  then  their  resultnnt  may  l>u 
found  by  the  aid  of  u  geometrical  con.struetiou.  In  the 
first  place,  let  us  assume  that  these  motions  originate  at 
the  same  point.  Then  if  from  this  point  two  lines  be 
drawn  in  the  component  directions  whose  leugths  rei>re. 
sent  the  magnitudes  of  these  components  respectivelyp 
and  if  upon  these  lines,  as  sides,  a  parallelogram  be  C(m- 
structed,  it  is  found  that  the  diagonal  of  the  parallelo- 
gram  will  represent  the  resultant  motion  also  in  direction 
ma^^uitude.  Thns  by  construction  and  measurement 
magnitude  and  direction  of  such  a  resultant  may  be 
aacertained. 

To  determine  the  resultant  magnitude  and  direction 
^y  calculation,  we  may  suppose  as  a  lirst  case  that  the 
^o  directions  form  a  right  angle  with  each  other.  The 
[I*-  '  ram  constructed  as  above  will  then  be  a  rect- 
f*'  ■  :^.  7).  Since  its  opposite  sides  are  equal,  B(J  z^ 
^^'t  ftud  a  particle  starting  from  0  may  reach  C\  either 


by 


'niniiig  iiloug  OB  and  then  BC^  or  by 


jj'orjjjg  j^^,^^l   along    OA   and  then    AC, 
J  ^^   ftiuce  the  same   result  would  also 


^tteined  b}*  moving  along   Ot\  this 
rotial    represents    a    single    motion  p^^  - 

is   the    equirjilent   of   the  other 
By   geometry,   OBC  is  a  right-angled    triangle, 
^  the  square  of  the  hypotbenuse  is  equal  to  the  sum 
the  squares  of  the  sides ;  i.e., 

OC  =  OB'  +  B0\ 

^  miigiutado,  thou,  the  resultant  motion  is  equal  to  the 

^^jnare  root  of  the  sutu  of  the  squares  of  the  component 

^^ttons.    In  direction,  tngonometry  teaches  us  that  the 
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ratio  of  £(7  to  OB  ia  tbe  tangent  of  the  angle 

This  gives  the  angle  made  by  the  resultant  with  rr.al 
the  components.     That  made  with  the  other  is  it-  ooj 
plemeut  and  hence  is  obtained  simply  by  subt-^  ti 
the  former  angle  from  IK)'". 

As  a  second  case  suppose  that  the  two  directiooft 
are  not  rectangular ;  then  the  diagonal  of  the  parallelo- 
gram representing  the  resultant  may  be  calculated  by 
means  of  the  known  trigonometrical  relation  between 
the  sides  of  an  oblique  triangle.  Calling  the  three  sides 
P,  Q,  E,  respectively,  (Fig.  8,) 

R'=P*-\-(y  -  2PQ  cos  a. 

But  in  this  case  the  angle  a  is  the  obtuse  angle  whicl 
the  direction  of  P  makes  with  the 
direction  of  y;  i.e.,  the  angle  OBC* 
Whereas  since  tlie  motions  originate 
at  0.  the  acute  angle  AOB  or  fi  is 
the   angle   between    their  direetioua, 

But  this  angle  is  the  supplement  of  OBC;  hence  wliile 

its  cosine  liaK  the  same  value  it  has  an  opposite  sign  '^ 

and  the  formula  l>ecomes 


ViQ.a. 


y?'  =  P"  +  ^  +  2PQ  COS  fS, 


[10] 


From  which  the  value  of  /?  can  be  readily  calculated. 
Mon^over,  in  the  triangle  OBC\  Q:  /?  : :  sin  COB  :  sin  a ; 
whence  sin  COB  =  Q  sin  a/B. 
Thi.M  givoK  tilt?  iinj^lf*  iii;iile  by  the 
resultant  B  with  the  force  P. 

Tlie  resultant  of  several  simul- 
taneous motions  may  be  olttjiiued 
by  tiiiding  first  the  resultant  of 
two  of  the  motions,  say  P  and  Q 
(Fig.  1*),  iu  tliH  way  aliove  described.  Tlieu,  by 
l>ining  this  resultant  W  with  the  third  motion  6*,  we 
nmy  obtain  a  second  resultant  R".     This  resultant,  com- 
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bineil  witb  the  fonrtb  coinpouent  T^  gives  a  third  result- 
Ant  /f,  and  HO  on.  The  last  resultaut  obtained  is  the 
resnltAut  uf  nil  the  uiotious. 

:t7.  TriunKl<*  u"<l  Poly^ou  ol*  Motious. — In  the  cases 
abov^  giveu  the  ooiuponeuts  aud  the  resultaut  are  rep- 
resented by  tlie  three  sides  of  a  triaugle,  which  may  be 
called  the  triangle  of  luotions.  Either  side  may  repre- 
sent the  reBultaut,  the  other  two  represeutiug  the  eoin- 
poueiita.  Hence  if  from  a  giveu  point  a  line  be  drawn 
representing  in  magnitude  and  direction  one  of  tlie 
motions,  aud  if  from  the  end  of  thin  line  a  second  one 
be  drawn  representing  similarly  the  second  component 
motion  ;  tlien  a  third  line  drawn  from  the  fixed  point  to 
the  end  of  th^  second  line  will  represent  the  reaidtant 
motion  also  in  magnitude  and  direction.  In  the  same 
way,  the  retmltant  of  several  component  motions  may  be 
found  by  the  polygon  of  motiou8.      From   a   (Fig.  10) 
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draw  ob,  representing  the  first  component  motion  7?  in 
magnitude  and  direction.  From  h  draw  ?x',  represent- 
ing the  ftecoud  component  P ;  and  so  on.  Connect  the 
p«)int  f,  where  the  last  com]K>ueut  line  terminates,  with 
t)ie  initial  point  a.  The  lino  ae  will  re]>resent  in  mag- 
nitude aud  ilirection  the  resultaut  of  all  the  motions  li, 
P,  S,  and  T.  It  will  be  observed  that  the  directdon  of 
Ihe  rwmltant  motion  ae  which  closes  the  figure  is  oppo 
«il«  to  that  of  the  comj>*:>uent  motions  round  the  poly- 
KOD.     HftDce  the  resultant  of  motious  which  are  repre- 
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sented  by  M  the  Hides  of  u  polygon  but  oae,  takeu  in 
order,  in  repreBeuted  by  thut  oue  takeu  in  the  opposite 
direction. 

38.  C4>uu>o«iti(»>k  ol' VelociticM  aud  AcceleratlottH — 

Velocities  iiud  uccelertititmH,  beiuj^  directed  (jUHutitieH 
like  unttiouH,  may  be  similarly  compounded.  The  prin- 
ciples vrliich  have  been  discussed  with  reference  to  mo- 
tion are  equally  true  t)f  velocity  and  juu-eleration.  We 
may  have,  therefore,  the  parallelogram  of  velocities  and 
of  accelerations,  and  also  the  triangle  and  the  polygoD 
of  velocities  aud  of  aoceleratious ;  all  constructed  la  the 
same  way  as  in  the  c^se  of  motions. 

39.  Resolution  of  UiiH'oriii  Motioiis.^Not  only  may 
several  given  component  motions  be  compounded  into  a 
single  lesultiiut,  but  a  given  single  motion  may  be  re- 
solved into  two  or  more  components.  If  a  line  of  definite 
length  and  direction  be  taken  to  represeni  a  given  mo- 
tion, it  may  be  iruide  the  diagtmal  itf  a  pjirullelogram, 
the  sides  of  which  will  constitute  the  compouents.  But 
inasmuch  as  an  indefinite  number  of  ])aral)eIogriiioH 
may  be  constructed  upon  a  given  line  lis  a  diagonal,  tlie 
problem  is  indeterminate  unless  the  direction  aud  mag- 
uitnde  of  oue  of  the  components  is  hIno  given,  lu  the 
most  frequent  cases,  the  resolution  takes  p1a<'e  so  that 
one  component  is  parallel  to,  and  the  other  is  perpeu* 
dicular  to,  a  given  direction.  The  comj>onent  in  tlie 
given  direction  is  called  the  resolute  iu  that  direction. 

40.  Kesolution  ulong:  l-u-orflinaf**  Ax<*s. — Another 

nu^thod  which  is  frequently 
employed  to  obtain  the  re* 
sidtiiut  of  twf>  r>r  more  com* 
poueiit  motions,  velocitiea»  or 
accelerations  consists  in  re> 
solving  paoli  of  the  comjKK 
nents  along  I'ectangular  co- 
ordinate axes,  according  to 
the  methods  of  aualyticjil 
gefunetry.  In  case  the  ran. 
tions  are  all  iu  one  pluue  they 


KiNEMATSCS. 


35 


reftolTed  aloug  the  axes  OX  aud  OY  (Fif^.  11). 

'filing  a  the  angle  whicL  the  niotiua  A,  repreBt^uted  by 

*4e  line  OA^  miikos  with  the  axis  of  A",  the  two  com- 

V^neuts  thus  resolved  are  A  coa  a  along  Jt',  and  A  niit  a 

^%Anng  y,  reKpectiv^ly.     The  components  of  //are  JI  tiiu.fi 

*tIong  }\  and  —  B  cos  /i  along  X';  of  C\  —  C  sin  ;'  along 

I ',aiid  C  C08  y  along  A' ;  and  of  />,  —  />  sin  6  along  y\ 

aim]  —  D  COB  *y  along  X',     Adding  together  the  com- 

(ioneat>i  along  each  of  these  axes,  regard  being  had  to 

tlif^ir  signs,  we  have  for  the  algebraic  sum  of  the  com- 

(K)neDts  along  A" 

A  COB  a  — i?  COB  fi  -{-  C  cos  y  —  D  cos  6  ; 

for  the  sum  of  those  along  Y 

A  sin  a  -{•  B  mn  p  —  C  sin  y  —  Z>  sin  6, 

Calling  Jfaad  Y  these  total  values,  we  have  now  but  two 
com|K)nt>nt8,  and  these  at  nght  angles  to  eiusli  other, 
frcnu  which  to  find  a  resultant.  Hence  A'*  -j-  y  =  R^, 
which  gives  the  wagnitude,  and  Y/X  =.iiQ,n  (f,  which 
jjiTos  the  dir«^ftion,  of  this  resultant ;  i.e.,  the  angle  ^ 
Hhich  it  makes  with  tlie  axis  of  abscissas. 

If  the  motions  to  be  compounded  do  not  lie  all  iu 
nil-  '  .  then  each  of  them  may  he  reH<»lved  along 
th(  iJilly  i>erpeiidicular  axes,  A',  Y,  and  Z,  and  the 

Tidii«i  of  the  Anm  of  the  com|>oueutB  along  each  of  these 
tbr^ie  axes  may  be  obtained  in  the  same  way ;  the  cora- 
{»fmt<Dt  of  <*ach  motion  along  each  axis  being  the  prod- 
nrtt  nf  the  line  representing  it  into  the  cosine  of  the 
'}f-  which  the  line  makes  with  that  axis.  Then  tl»e 
i]  reKulUut  n=  i\X*+  >"  +  ;?•;  which  gives  the 
mft^itude  of  this  resultant  The  expressions  X/B, 
y/Ht  and  Z/B  repreHent  respectively  the  cosines  of  the 
angles  formed  by  this  resnltiint  with  the  axes  of  A',  K, 
anil  Z, 

.in  obvious,   therefore,  that  the   principle   of  the 
Ingram  of  motions,  of  velocities,  and  of  aci'elera-  ^ 
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tioD8  may  be  extended  so  as  to  iuclude  lines  represen) 
these  qua^itities  driiwu  in  any  direetiuu  whatever.     AnJ 
heuce,  since  the  diagonal  in  this  ease  would  be  that  of  i, 
flolid,  that  we  may  speak   of   the  parallelopipedon 

motions,  of  velocities,  and  of  ac- 
celerations.    Thus   iu  Fig.    12,  fi 
is  the   resultant  of  P,  S,  and 
and    ^  =  P-  +  5'  +  Q\      Mori 
over,  the  principle  of  the  polygottj 
of   motions   applies    equally   we] 
'^  ^  when   the   motions,   etc.,   are    n< 

restricted  to  one  plane.  If  such  a  skew-polygon 
constructed,  iu  a  way  analogous  to  the  plane  polyj 
above  mentioned,  the  missing  side  will  always  repre-^ 
ftent  the  resultant.  If  the  polygon  be  closed,  there  is 
no  resultant;  i.e.,  either  side  is  a  resultant  to  all  the 
others. 

41.  Composition  of  Uniform  with  Variable  Motion. 
— Thus  far  it  has  been  assumed  that  the  motions,  etc,  to 
be  com]>ouuded  are  uniform.  But  plainly  uniform  mo- 
tion may  also  l»e  compounded  with  vanable  motiom 
The  most  important  case  is  where  a  uniform  motion  is 
compounded  with  a  uniformly  accelerated  motion.  The 
path  of  the  particle  iu  this  case  is  curvilinear,  being  iu 
fact  a  ]>arabolH,  the  path  of  a  projectile. 


TbuB,  if  a  purtiolebe  made  to  move  uniformly  in  a  horlaoutal 
dinftion,  and  at  the  same  time  verticAlIy  with  a  motion  unif*: 
iK'ct'lcPttt^'d.  eat'li  motion  will  produce  its  scjMimte  I'ffect.  [f 
particle  move  liorizont.illy  with  n  si>eiH]  x,  the  s|iaco  thus  deearil 
iu  /  ac(*onds  will  b*  st  units  of  longth.  Tlie  vei'licat  space  do«cnl 
it!  /  wi'onds,  the  accelenition  being  a,  will  of  eourse  be  |«/*  nnit» 
length.  Oallinff  th«  tlrst  ai>ace  I  and  the  accond  V,  and  cliniimilil 
t  between  th»'  two  etiuHiinns,  wo  have  / '  =  (a/S*')/'.  If  /  Ixj 
tho  abscissa  and  /'  the  ordinati?  of  a  curve,  then,  aiuc*^  a  and  *  urt" 
constant  and  tho  ordinate  varies  as  the  gquarc  of  the  abscistia,  the 
locus  of  tliis  equation  is  a  paral>ola.  This  result  may  l»r  nrpn.'^enlwl 
graphicaDy  as  follows  (F^s:.  13):  From  tho  origin  O  lay  olT  on* 
hori/xiniul  lint»  a  nnmln^r  uf  efiuidistant  points,  1.  2,  8,  4,  5,  etc.,  to 
reprrsunt  tho  e<itial  distaneos  passed  over  in  equal  times  in  the  uui- 
Yorm  motion.    On  A  vertical  line  drawn  from  O  lay  off  diKtanoe*  I, 


4.  9. 16,  etc.^  on  tfao  samo  or  on  n  difforont  scale,  proportional  to  the 

M|uarr4  of    the    limes  and,    therefore,     ^ 

^luiracterifllioof  ftrcclorulf'd  motion.    At 

tbr  end  of  Uio  first  unit  of  time  the  par- 

tioU'  »iU  Itr  nt  the  iiitcrat'Ctioti   1,  1  ;  at 

the   L-(id  of  the  second,  4,   2 ;    of  the 

thitxl,  U,  »;   of   the   fourth,    J6,    4;   of 

the  Hub,  25.  5  ;  and  bo  on.     Drawing 

a  smooth   Gun'e  thruagh  these  |H>iii(s, 

It  is  readily  scon  to  bo  a  pam-boUv. 

The   isame    result    follows   whiilover 
direction  of  the  one  motion  with 

refrreuL't*  to  thu  othtT.     A  purtielo  niov- 

joig  uniformly  from  -1  to  /?  (Fig.  14)  and 

iTing  siinultanAou^ily  n  uniformly  ac- 

tratcd  motion  from  A  to  P  will  Iw 

fonnd  at  C;    the  jwrli   de9cril»ed  from 

^  to  C7  beinjK:  a  pantbulie  ouu  as  before. 

In    tbe    above    equation    A',  / '  =  2**/<i.  Vm  \x 

lu  Ihe  paniWila.  CIT/AD  =  4 FA.     But  CD —  I  &nd  AD ~l' :  and 

bence  ^I^A  =  SV/o.     If,   therefore,  a  parabola  be  drawn  thruuj;!i 

A  whose  axis  i»  vertical  and  whnge 
vertex  is  upward,  and  in  which  2ji'/a 
is  etiiinl  to  four  times  the  distance 
fmin  the  focns  F  to  the  point  -4,  the 
paint  moving  frum  .4  to  C  will  de- 
seribe  this  |mrabola. 

It  flhould  1w  Itorne  in  mind  that 
a  cvirved  path  is  in  general  a  resultant 
pjvtl)  ;  and  that  the  conipouetit*  are 
a  uniform  motion  in  some  given 
direction,  and  an  accelerated  mo- 
tion making  aome  given  angle  with 
this  direction. 
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42.  l^^preeH  of  Freedom. — When  a  particle  ia  free 
ia  move  in  auy  direction  in  space,  it  is  said  to  liave  three 
dfegrees  of  freedom  ;  aiuce,  as  above  nhow^u,  every  possi- 
ble direction  of  motion  may  be  resolved  alouf:;  three 
inntOAlly  perpendicular  co-ordinate  axes.  If  the  condi- 
tioQA  of  its  motion  be  restricted,  however,  it  may  have 
le««  frt^edoro.  Thus  if  tlie  particle  be  required  to  move 
ti  surface,  it  can  eWdeutl}-  liave  no  motion  per- 

pi;: if  to  that  surface,  and  its  degrees  of  freedom 

mttt  limited  to  two.    If,  further,  the  condition  is  that  the 
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particle  Hball  move  iu  two  plane  Buifaces  Himultaneooidj, 
it  cau  fulfil  the  i'oii<litinn  r»uly  hy  luoviug  alou^,'  tL^  in- 
tersecting Hue  of  tliose  surfaces ;  iu  wliicli  case  it  has 
only  one  degree  of  freedom.  Or  lastly,  if  the  condition 
iH  that  it  sliall  be  iu  three  siirfaceH  Himultaueously,  it 
can  tibviously  do  this  ouly  l>y  beiug  at  the  point  in 
which  they  intersect.  Iu  thiB  case  its  |>osition  la  fixtil 
and  it  Las  no  degree  of  freedom  whatever. 


Section  IV.— Motion  of  Rotation, 

43.  Ang:iilar  Velocity. — A  material  particle  cau  have 
a  motion  of  translation  only.  A  material  body,  Low- 
ever,  made  up  of  particles  rigidly  connected,  may  move 
(1)  so  that  a  Hue  joiuiug  auy  two  of  its  particles  remains 
always  parallel  to  itself;  iu  which  case  its  motion  is  una 
of  trauslatiou.  Or  it  may  move  (2)  so  that  such  a  line 
drawn  within  it  dianges  its  directiou  continually  ;  iu 
which  case  tlie  motion  is  said  to  l>e  one  of  rotati(»u.  Mo- 
tion of  pure  rotation  takes  place  about  some  Hxed  direc- 
tion, either  within  or  without  the  lw>dy  itself,  whicli  in 
called  the  aicis  of  rotation.  AH  the  particles  iu  the  body 
descril)e  circh'H  about  this  axis,  those  which  are  ueareat 
Ui  it  moviug  thnnigh  the  smallest  circumferpuces.  Inaa* 
mucli  as  all  these  circles  are  doscribeil  iu  the  same  tim«f 
it  is  evident  that  the  linear  distance  traversed  by  a  givea 
particle  is  the  greater,  tlu*  greater  its  distance  from  tlie 
axis.  Every  such  particle,  therefore,  has  a  distinct 
speed  of  its  own,  de]>euding  upon  this  distauce.  We 
may  speak  i>f  the  rotational  velocity  of  the  entire  brdy, 
however,  meaulug  by  this  the  number  of  cf>mplete  robi* 
tions  which  it  makes  in  a  second.  In  general,  the 
velocity  of  rotation  is  measured  iu  terms  of  the  linear 
velocity  of  those  poiuts  which  are  at  uuit  distiitice  from 
the  axis  ;  this  velocity  beiug  called  angular  velocity.  Thie 
augular  velocity  iu  motiou  of  rotation  is  the  correlate  of 
linear  velocity  in  motion  of  translation.  It  is  usually 
denoted  by  w;  so  that  if  the  linear  velocity  of  u  partiiUe 
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at  unit  distance  from  the  axis  is  oo,  that  of  a  particle  at 
tbe  distaocQ  r  is  rtw.  Angular  velocity,  tbeu,  repre.Keuts 
tbe  angle  through  whicli  the  rotating  body  turns  per 
second,  and  is  of  course  the  same  for  every  portion  of 
the  body.  Since,  in  circular  measure^  an  angle  is  meas- 
ured by  the  ratio  of  the  arc  to  the  radius,  it  is  evident 
that  th«  linpai'  velocity,  which  corresponds  to  the  arc,  is 
roeasared  by  the  product  of  radius  and  angle  ^  above 
stated. 

Thus.  calliriK  tlio  circumference  of  a  circle  2ffr.  where  r  is  the 
ndiias  and  represents  the  distimce  of  tho  moving  particle  from  tbe 
aiis,  and  &upp<>girig  the  body  to  make  one  rotation  In  T^scconds,  it 
U  obrioutt  that  the  hucar  velocity  of  the  particle,  or  the  distance 
drncriltrd  p«T  second,  is2ffr/7';  and  farther,  that  if  the  particle  be 
Hi  unit  dtotance  from  the  axis,  t  ~  \  and  the  linear  velocity  wilt  be 
^s/T',  nhich,  ftinoe  it  is  the  linear  velocity  of  a  particle  at  unit 
dutaooe  frum  tho  axis,  is  the  angular  volocity,  or  u. 

If,  in  the  ptpiation  co  =  aic/radius,  the  value  of  the 
arc  and  of  the  radius  be  both  made  unity,  the  angle  will 
also  be  unity.  In  other  words,  the  unit  of  angular 
rebx^ity  is  descril>ed  l^y  a  particle,  which  in  a  circle  of 
aiut  radiuH  niovcH  over  a  path  of  unit  h^ngth  in  unit 
A  rotating  body  has  unit  angular  velocity  when 
-  unit  angle  in  unit  time.  This  unit  atjgle  is 
iiose  arc  is  equal  in  length  to  tho  radiuH ;  it  is 
a  radian,  and  its  value  in  angular  measure  is 
'v  dividing  the  semi-circunifercnco  180**  by  a-, 
The  quotient  is  57^-29578,  or  57^  17'44"'8, 
iveiirlT;  which  is  therefore  tht*  valut*  of  unit  angle  in 
degrees. 

Motion  of  rotation  is  said  to  be  ne^tive  when  its 
dirooUott  is  the  same  as  that  of  the  hands  of  a  watch  ; 
and  to  be  positive  when  in  the  opposite  direction. 

Angular  velocity,  like  linear  velocity,  may  be  uniform 
Oir  variable.     In   the  latter  case  the  rate  of  change  of 
velocity  is  called  angalar  acceleration. 


TTtTj*  BS  in  translatory  motion  a  =  s/ty  so  in  rotatory  motion 
A  K  ti  7 :  or  in  other  wotils.  angular  acceleration  is  the  quotient  of 
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change  of  angular  velocity  divided  by  time;  i.e.,  it  represonU  the 
rale  of  change  of  the  angular  velocity.  Since  w  =  »/r,  a  =  $/ti 
=  a/r,  Benoe  linear  acceleration  is  represent-ed  by  the  product 
of  the  angular  acceleration  multiplied  by  radius. 

44.  ConipOHitioti  nud   Resolution    of  Rotations*— 

Rotatious,  angular  velocitdes,  and  angular  accelerutions 
may  all  be  compounded  aud  resolved  in  preoiuelj  the 
same  way  that  trauslatory  motious,  velocities,  aud  accel- 
eratious  may  be.  If  two  or  three  simultaDeous  rotations 
about  axes  passing  through  a  iixed  point  be  impressed 
upou  a  body,  the  resuItHut  motion  is  a  i*otation  about  a 
single  axis  whose  direction  and  magnitude  may  be 
fonnd  by  a  conHtructiou  .similar  to  the  parallelogram  or 
parallelopipedon  of  motions ;  the  sides  being  drawn 
parallel  to  the  directions  of  the  axes,  aud  being  in  length 
equal  in  magnitude  to  the  angular  velocities.  The 
dijigonal  will  then  represent  in  direction  the  resultant 
axis  of  rotation,  and  in  mjiguitude  its  angular  Telocity, 
So  a  motion  of  rotation  may  be  compounded  with  ono 
of  translation,  as  in  the  case  of  a  screw  entering  its 
uut 

45.  l>«^Krees  of  Freedom  of  Rotation. — A  rigii]  bodr 
free  to  rotate  iu  any  direction  has  three  degrees  of  free- 
dom, since  it  may  rotate  about  three  axes  i>erpehdicular 
to  one  another.  Combining  these  with  the  thn^e  degrees 
of  freedom  of  translation,  we  see  that  iu  all  a  rigid  IkuIv 
has  six  degrees  of  freedom.  If  a  point  within  it  be  6xad. 
however,  the  body  has  no  motion  of  trun.slHtion  ;  but  it 
may  rotate  about  any  axis  passing  through  tire  jn»int, 
and  then  retains  three  degrees  of  freedom.  If  a  liij. 
(i.e.,  two  point-s)  be  fixed  within  it,  there  can  be  no  tran»- 
lation,  nor  any  rotation  except  about  this  line.  Heno^ 
the  body  has  now  only  one  degree  of  freedom.  If  i 
surface  (i.e..  three  points)  be  so  fixed,  the  body  can 
have  neither  rotatory  nor  trauslatory  motion  ;  it  ha^ 
no  degree  of  freedom,  Agaiu»  if  a  point  in  the  body 
be  limited  so  as  to  move  only  along  a  given  Hno,  ift 
may  rotate  about  any  axis,  and  so  has  four  degrees  oi 
freedom.    If  a  line  in  the  body  is  restricted  to  ooiucide 
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with  a  line  in  spnce,  the  only  rotation  possible  is 
about  this  liue,  and  the  bodj  Las  only  two  degrees  of 
freedom.  The  restriction  of  a  point  to  a  given  surface 
l^ves  two  degrees  of  freedom  of  translation  and  three 
of  rotation  ;  that  of  a  line  to  a  given  surface  gives  four 
degrees  of  freedom,  two  of  rotation  and  two  of  transla- 
tion. When  three  points  iu  a  body  are  restricted  to  a 
surface,  there  is  only  one  rotation  possible,  with  two 
traushktious  along  the  surface ;  and  hence  there  are 
throe  degreos  of  freedom. 

■46.  Moni©ntJ»  of  Motion. — The  moment  of  a  directed 
qo^ntity  is  defiue<l  as  the  magnitude  of  the  quantity 
itself  multiplied  by  a  length  taken  perpoudiculur  to  its 
direction.  Since  motions,  velocities,  aud  accelerations 
are  all  directed  quantities,  we  may  speak  of  the  moment 
of  &  motion,  of  a  velocity,  or  of  an  acceleration.  In  the 
cage  of  motion  of  rotation,  all  lines  drawn  from  the 
moving  partiole  perjiendicnlar  to  its  direction  of  motion 
at  successive  instants  are  evidently'  radii  of  the  circle 
which  it  describes.  So  that  if  a  be  the  uniform  speed 
with  which  it  moves  along  the  circumference,  aud  r  be 
thi!  radius  of  the  circle,  the  product  ra  will  represent  the 
momant  of  the  speed  considered  with  reference  to  the 
point  about  which  the  rotation  takes  place.  Moreover, 
iiiomi?nts  rajiy  be  compounded  and  resolved  ;  and  the 
monM^nt  of  the  resultant  motion  about  any  given  point  in 
\}-  'of  the  components  is  in  magnitude  the  alge- 
lir  11  of  the   moments  of   the    components,  these 

momenta  being  taken  with  their  proper  signs. 


Section  V.— SriiAiNa 


47.  I><*flnitlon  of  Strain. — The  bodies  hitherto  con- 
dd«w^i1  have  been  supposed  rigid.  Hence  no  change 
h  •  »  -  '  00  in  the  relative  positions  of  their  parts, 
a.  s  themselves  have  undergone  no  change  in 

volume  or  figure.     Bodies  which  are  not  rigid  are  called 
;  and  elftfitic  bodies  may  suffer  changes  in  their 
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aize  or   shape.     Any  definite  alteration  in  the  form  or 
dimensions  of  an  elastic  body  is  called  a  itr&in  (24). 

Examples. — "Thus  a  rod  which  becomes  longer  or  ftborter  is 
strained.  Water  when  compressed  is  strainoti.  A  slone,  beam,  or 
mh£a  of  metal  in  u  building  or  in  a  piece  of  framework,  if  condensed 
or  dilated  in  any  diructiou,  or  bent,  twisted,  or  distorted  in  any  way, 
is  said  to  experience  a  strain.  A  ship  is  said  to  'strain*  if.  in 
laanofaing'or  when  working  in  a  heavy  sea,  the  different  parts  of  it 
experience  rehitive  motions,"  (Thomson  and  Tait,) 


48.  Homogeuoou!*  Strniu, — The  simplest  strain  is  & 
linear  one,  as  when  an  elastic  vord  is  stretched.  This 
strain  is  called  homogeneous  when  every  portion  of  the 
cord  has  its  length  changed  iu  the  same  ratio,  so  that 
the  ratio  of  the  initial  to  the  tinal  length  of  each  part  of 
it  is  the  sariio  as  this  ratio  for  the  whole.  The  ratio  of 
the  final  to  the  iuitinl  length  is  called  the  ratio  of  the 
•train;  it  represents  evidently  the  quantity  hy  which  the 
initial  length  must  be  multiplied  to  obtain  the  final 
leugtli.  The  elongation  is  the  ratio  of  the  cbange  iu 
length  to  tlie  initial  length.  A  negative  elongation  is 
called  a  compression. 

Thus  if  a  length  ab  be  changed  to  a  length  aV  cither  by  ext4»i- 
sion  or  contraction,  thr  ratio  of  the  strain  thus  produced  ie  a'l//ab, 
and  the  elongation  is  (a'li'  —  ab)/ah.  If  c  be  a  point  between  a  anil 
h,  the  distance  ac  becomes  a'&  after  the  strain  ;  and  the  atraia  la 
homogeneous  when  ac  :  a'c  :  :  ab  :  at'.  If  thu  elongation  be  e,  thu 
initial  lenj^tli  /,  nnd  the  final  length  l\  thou  the  chniigc  of  length  ts 
V  —  /.  and  the  ratio  of  this  change  of  length  to  the  initiut  length  i» 
(/'  —  /)//  ;  and  this  is  the  elongation  or  e.  Wlicnco  I'  -^  i  =  ei  aud 
r  =3  ?(1  +  e) ;  so  that  I  +  e  represents  tbe  ratio  of  the  strain. 

When  all  lines  in  a  body  parallel  to  a  ceHain  dinv 
tion  are  changed  in  the  same  ratio,  and  no  lines  perpen- 
dicular to  these  are  changed  either  in  length  or  diroo^ 
tion,  the  body  sufifers  a  strain  of  simple  elongation:  If, 
however,  a  second  set  of  lines  at  right  angles  to  these 
also  snifer  such  a  change,  then  there  is  elongation  iu 
two  per])endicular  directions ;  and  if  these  lines  are  M 
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ill  the  same  plane,  the  strain  is  a  sarfoce  strain.  A  square 
elastic  sheet,  if  the  elongation  be  e  in  a  direction  paral- 
lel to  one  edge,  and  e'  parallel  to  another,  will  be  cou- 
Terted  bj  the  strain  into  a  rectangular  sheet,  the  sidon 
of  which  are  proportional  to  the  strain-ratios.  Evi- 
ilentlv  two  equal  and  parallel  lines  drawn  on  the  square 
will  remain  equal  and  parallel  after  the  change  in  form ; 
and  the  strain  will  be  hoxnogeneouB.  If  the  elastic  sheet 
be  circular,  the  strain  will  change  the  circle  into  an  el- 
lipse :  the  two  perpendicular  directions  which  remain 
)>erpendicular  after  the  strain  becoming  the  axes  of  the 
ellipse.  If  these  lines  remain  parallel  to  their  original 
directions,  the  elongations  take  place  along  them  and 
the  strain  is  called  a  pure  strain.  If  not,  the  strain  is 
com  pounded  of  a  pure  strain  and  a  rotation. 

40.  Shear. — The  principal  axes  of  a  strain  are  the 
principal  axes  of  the  ellipse  into  which  the  strain  con- 
Terts  a  circle.  If  the  increase  of 
lanf^h  along  one  such  principal 
axin  is  equal  to  the  decrease  of 
length  along  the  other  principal 
axis,'  the  strain  under  those  con- 
ditions is  called  a  shear.  E\'ideutly 
iu  a  fihear  the  area  of  the  plane 
it»elf,  or  of  any  tigure  iu  it,  re- 
m:.  I  :  1  tered.    Thus  if  (Fig.  15) 

th-  I    Oa   be   increased    by  a  J,  and   Ob   equally 

decrttibied,  the  rhomb  aba'h'  will  become  the  rhomb 
ABA'H',  of  the  same  area,  the  strain  being  pure.  The 
«uine  rev^ult  may  be  attained  in  another  way.  Sup- 
poite  tlmt  by  means  of  a  motion  of  trauslatinu  and  one 
of  rotation,  and  not  therefore  involving  strain,  the  line 
ah  lA  made  to  coincide  with  AIJ.  Then  it  is  evident 
that  ibe  fignre  tilxt'b'  may  be  converted  into  the  figure 
ABA'B\  simply  b^^  Blidiug  a'h'  in  its  own  direction 
until  it  roincides  with  A'B'  (Fig.  16).  So  in  general 
aay  plane  figure  may  bo  .converted  into  a  strained  figure, 
Lft.,  the  ehearing  strain  may  be  produced,  simply  by  fix- 
ing oue  of  itfl  ttides,  and  muving  all  lines  parallel  to  thiw 
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fixed  8ide  iu  their  own  direcdoiis,  through  upaceB  vhicb 
are  proportional  to  their  distances  from  this  fixed  line. 

The  amount  of  this  sliding  mo- 
tion which  takfs  place  between 
lines  which  are  unit  distance 
apart  is  called  the  amouat  of 
the  shear,  and  the  ratio  OA  :  Oa, 
the  ratio  of  the  shear.  If  one  principal  axis  is  elongated 
in  the  ratio  1  :  tr  and  the  other  contracted  in  the  ratio 
a  :  1,  the  ratio  of  the  shear  is  a ;  and  the  atnonnt  of  the 
shear  is  equal  to  the  excess  of  the  ratio  of  the  shear 
above  its  reciprocal ;  i.e.,  to  a  —  a  ~  ', 

50.  Straln-ellipHoid. — When  a  solid  body  undergoes 
a  strain,  a  change  may  take  place  iu  its  dimensions  in 
one  or  more  of  three  perpendicular  directions.  If  the 
strain  is  such  that  all  parallel  lines  within  it  are  altered 
in  leugtli  ill  the  same  ratio,  the  strain  is  called  a  uniform 
or  homogeneous  strain.  Thus  for  example,  a  sphere  when 
subjected  to  strain  is  converted  into  an  ellipsoid ;  a  solid 
every  plane  section  of  which  is  an  ellipse.  This  ellipsoid 
is  called  the  strain-ellipsoid.  In  any  homogeneous  strain 
of  a  solid  body,  thei-e  are  three  directions  at  riglit  angles, 
to  one  another,  which  remain  perpendicular  after  the 
strain.  These  directions  are  tliose  of  the  three  princi- 
pal axes  of  the  strain- ellipsoid.  Along  one  of  these  di- 
rections the  elongation  is  greater,  and  along  another 
less,  than  along  any  other  directions  iu  the  body.  Along 
the  remaining  one,  the  elongation  is  intermediate.  The 
principal  axes  of  a  strain  are  the-  principal  axes  of  the 
ellipsoid  into  which  it  converts  a  sphere.  The  princi|Xbl 
elongations  of  a  strain  are  the  elongati(»ns  iu  the  direc- 
tions of  its  principal  axes.  "Any  strain  wiiatever  may 
be  viewed  as  compounded  of  a  uniform  dilatation  in  all 
directions,  superimposed  on  a  simple  elongation  in  tbo 
direction  of  one  principal  axis,  superimposed  on  a  aim* 
pie  shear  in  the  ]}1ane  of  the  other  two  principal  axe9.^ 
(Thomson  and  TaitJ 
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Section  VL  — Motion  of  Oscillatior 

51.  Definition. — The  motions  of  translation  and  of 
rotation  which  have  now  been  considered  were  as- 
somed  to  be  continuous  in  direction.  There  are  other 
translator^'  and  rotatory  motions  which  are  of  great 
importance  in  physical  science,  in  which  the  motion  is 
alternate  in  direction.  These  motions  are  called  oacil- 
Utory  or  vibratory  motions.  They  may  be  observed  in 
the  motions  of  a  swinging  pendidum  or  of  a  sounding 
tuning-fork. 

tili>  Projection  ot*  Circular  Motion. — If  a  particle 
be  made  to  revolve  uniformly  in  a  circle,  and  the  eye 
be  placed  in  the  plane  of  this  circle,  the  particle  will 
appear  to  oscillate  along  a  diameter  of  the  circle.  Since 
tlie  motion  repeats  itself  at  regular  intervals  of  time,  it 
is  «aid  ti)  be  periodic.  Periodic  motion  of  oscillation, 
then,  is  simply  the  projection  of  uniform  circular  motion 
npou  a  diameter.  The  law  according  to  which  it  takes 
place  may  be  easily  deduced  from  the  following  consid- 
erations. 

Let  JBC  (Fig.  17)  be  the  circle  in  which  the  particle  is 
ind  which  is  called  the  circle  of  reference  or  the 
circle — aud  let  Ali  be  the 
diameter  on  which  the  uniform  circu- 
hr  '    'II    is    projected.      Let    the 

du  "f  motion  of  tlie  jiarticle  Ije 

mdieiited  by  the  arrow.  When  the 
piurticle  is  at  /JT,  it  is  moving  in  the 
Un>>  of  siglit  aud  there  is  no  resolute 
along  the  diameter ;  hence  it  appears 
to  tie  at  rest.  When  it  reaches  a,  it  will  appear  pro- 
joi'ied  on  the  diameter  at  t.  As  it  passes  over  the 
equal  ores  ah,  Jtc\  al,  ddy  and  eC,  it  will  appear  to 
dcM^ribe  the  continually  increasing  intervals  /s,  sr,  rg, 
gp^  and  pO ;  its  apparent  speed  constantly  increasing 
and  reaching  a  maximum  at  0.  Here  it^  appart'ut 
lufitiou  ifi  the  same  as  its  actual  motion  in  the  au:cil- 
imry  circle.     After  passing  the   ]>oint    0,  its   ."apparent 
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motion  decreases  again   tf&d   becotQ«f»   zero   when    il 
reaches  A. 

Draw  now  the  radins  Oh  of  lenf^th  r.  Then,  since 
the  triangle  Osb  in  right-angled  il  -v,  the  liue  Oa,  which 
represents  the  displacement  of  tho  oscillating  particle 
from  its  menu  position,  has  the  value  r  cos  a  ;  in  wliich 
a  is  the  anglfi  bivi.  Moreover,  since  the  motion  in  the 
circle  is  uniform,  equal  arcs  are  described  in  equal 
times.  So  that  if  co  be  the  arc  described  in  unit  time, 
and  t  be  the  time  of  describing  the  arc  Bh^  a—oai.  Call- 
ing d  the  displacement  Os^  a  the  amplitude  OB  (which 
is  equal  to  Ob  or  r),  and  substituting  for  a  its  value,  the 
equation  representing  the  displacement  becomes 


d  =  a  cos  a)t. 


Lll] 


Evidently  when  att  or  ct  in  zero  or  is  2jr,  cos  or  =  1 
and  d  =:  a  \  the  displacement  then  reaching  its  positive 
maximum  and  the  particle  being  at  B,  "When  a  =  ir/S 
or  Zn/%  coH  flf  =  0  and  ti  =  0  ;  there  being  no  displace- 
ment, the  particle  is  at  the  center  0.  When  ot-='rt^ 
cos  ar  =  —  1,  rf  =  —  «,  and  the  particle  ih  at  A^  its  negji- 
tivo  maximum.  Since,  as  the  angle  is  iucreaftcd  still 
further,  the  values  of  d  repeat  themselves  imleliuitely 
in  the  same  order,  d  is  said  to  be  a  periodic  funeiton 
of  nr. 

Again,  suppose  the  particle  to  be  at  rf  (Fig.  18)  in  th« 
auxiliary  circle.  Draw  the  tangent  dm  to  represent  its 
speed  *,  and  resolve  it  into  the  component  dn  parallal 
to  AB^  and  into  ww*  perpfudioujar 
to  it.  The  resolute  dn  reprt*seuts 
the  component  of  the  speed  paral- 
lel to  the  diameter.  Calling  tJita*', 
we  have  »'  =  «  oos  mdn,  Bnt  tbo 
angle  mdn  is  equal  to  Oda^  since 
their  sides  are  perpendicular ;  and 
cos  OdB  =  sin  dOs  or  a,  Wh<tuco 
J^- 18.  replacing,  we  have  «'  =  «  ain  ^,  and 

the  speed  at  any  point  on  the  diameter  is  proportiomtl 
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to  the  Bine  of  the  corresponding  arc  of  the  auxiliary 
circle.  Hence  iii  Fig.  17,  the  speeds  at  the  points  0, 
P»  9f  '"i  *»  '  are  represented  by  the  lines  OC,  pe,  qd^  re, 
«&,  and  ia ;  these  being  the  sines  of  the  corresponding 
jui^les  to  nuit  radius.  Since  the  maximum  speed  is 
OCy  which  is  equal  to  OB  or  a,  and  since  this  is  the 
speed  in  the  auxiliary  circle,  9  =  a,  and  the  speed- 
equation  becomes 


a'  =  a  sin  orf. 


[12] 


The  function  in  this  equation  also  is  a  periodic  one.  Ah 
orf  or  a  becomes  successively  0,  »'/2,  ;r,  and  ^n/%  the 
value  of  a'  becomes  0,  a,  0,  and  —  a  ;  corresponding  to 
the  positions  B,  0,  A,  O^  respectively ;  the  values  repeat- 
ing themselves  for  every  2?r  of  rotation. 

It  will  be  observed  that  the  displacement-equation 
and  the  speed-cqiiatiou  are  complementary;  the  one  rep- 
•Venonting  the  same  condition  of  things  as  the  other,  but 
r>r'^  '"  "^ter  of  a  rotation  later.  Hence  when  tlio  dis- 
y  at  is  a  maximum  the  speed  is  zero;  and  when 

the  speed  is  a  maximum  the  displacement  is  zero.  If 
two  particles  oscillate  across  perpendicular  diameters  of 
a  circle  so  that  when  one  reaches  the  end  of  its  path  the 
other  is  at  its  middle  point,  the  displacement-equation  of 
the  one  particle  corresponds  to  the  speed-equation  of  the 
other. 

53.  Simple  Harmonic  Motion. — The  motion  of  oscil- 
lation DOW  described,  since  it  is  a  motion  characteristic 
of  vibrating  tuning-forks,  stretched  strings,  and  other 
1>odic!<s  emitting  musical  sounds,  is  called  simple  bar- 
raonic  motion.  Tlie  extent  of  the  excursion  of  tlie  \\~ 
brftting  body  on  either  side  of  its  middle  point,  or  point 
o(  rest,  is  called  its  amplitude.  It  corresponds  to  the 
Tadios  of  the  auxiliary  circle.  The  interval  of  time 
between  two  successive  passages  of  the  vibrating  body 
ihro*<   '  'ven  point  of  its  patli  bi  the  wanu^  direction 

is  oai;  period.     The  fraction  of  the  period  which 
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has  elapsed  since  the  body  last  passed  through  the  ex- 
treme point  of  its  path  in  the  positive  direction  is  called 
the  phase.  When  i\w.  body  is  at  the  extremity  of  its  path 
on  the  positive  side,  it  is  said  to  be  in  the  position  nf 
maximum  poMtive  elongation ;  and  when  at  the  opposite 
end,  in  the  position  of  maximum  negative  elongation. 
Time  may  be  reckoned  from  the  point  i)f  maximum  posi- 
tive elongation  or  from  some  other  point.  When  reck- 
oned from  some  other  point,  the  interval  of  time,  esti- 
mated from  this  point  of  reckoning  until  the  vibrating 
body  nest  comes  to  its  position  of  maximum  positive 
elongation,  is  called  the  epoch. 

Since  angular  velocity  is  the  angular  space  Oescribed  in  unit 
time,  61  =  2x/T\  and  the  angle  BOil  or  a, 
which  iLs  above  \s  cxjuul  to  at^  is  also  equal 
to  ^nt/T\  the  time  in  both  oase*  b«Sng 
reckoned   from  B,  the   [Kiint   of   mnximiim 


O"*^        i     positi%'e  elongation.     If,  however,  the   time 
't  be  reckoned  from  X  or   Y  (Fig.  l&),  calling 
XOd  or  YOd,  a,  and  BOX  or  BOY,  e,  wo 
have  BOd  =  a  +  e  in  the  former  Ciiso,  atul 
^**-  '**•  « —  e   in  iho  Utter.      The    angle   f  or  tte 

eqaivalent  in  time,  <=/»  or  «r/&fr,  is  called  the  epoch,  and  BOii  th^ 
phase. 

54.  Acceleration  Proportloiinl  to  Displacement.—" 

In  order  that  a  bod3'  may  vibrate  with  simple  harmonic 
motion  it  is  necessary  that  the  acceleration  toward  the 
middle  point  of  its  path  should  be  directly  proportional 
to  the  displacement  from  this  mean  positiim.  In  Fig. 
17,  for  example,  when  the  vibrating  body  is  at «  its  dii»-^ 
placement  from  the  mean  position  is  0«;  lieuce  ite  aeceU 
eration  should  be  sO,  It  has  already  been  proved  (35) 
that  when  a  body  is  moving  uniformly  in  a  circle  of  radios 


r  with  a  speed  s,  it  has  an  acceleration  toward 
of  that  circle  equal  in  magnitude  to  H*/r,     The 
tbis  acceleration  along  the  diameter,  the  body 
posed  at  A,  will  be  —  cos  a{a*/r\  the  accelerat 
from  right  to  left.    But  cos   a  =  On/ Ob  =  i 
therefore  the  acceleration  a  =  —  Oaia'/r'),     Sitw:G 


■■I 
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r  are  coustant,  this  ekccele  ration  is  proportional  to  —  0^ 
or  to  aO  ;  or  in  other  -words,  the  acceleration  is  propor- 
tionnl  to  tlie  displacement 

55.  Iftochroul^iii. — Since  angular  velocity  is  s/r  (43)^ 
the  value  ^V'  ^  t^©  above  equation  is  evidently  the 
square  of  the  angular  velocity  in  the  auxiliary  circle,  or 
w' ;  and  the  equation  becomes  a  =  —  doj^;  since  Oa  =r  d^ 
the  displacement.  AVhenoe  ca  =:  {  —  a/d)^\  or  the  angu- 
lar velocity  in  the  auxiliary  circle  is  equal  to  the  ratio 
of  the  square  root  of  the  acceleration  to  the  square 
root  of  the  displacement  Evidently  if  this  ratio  be 
constant,  the  angular  velocity  will  be  constant.  And 
aince  <*>  =  2«'/r,  if  w  is  constant,  T  will  be  so  also. 
Consequently,  inasmuch  as  T  represents  the  time  of  one 
complete  oscillation, — i.e.,  the  period, — the  period  will 
be  constant.  Clearly,  if  the  acceleration  and  displace- 
ment  vary  together,  their  ratio  will  be  constant  and  iude- 
pendent  of  their  absolute  values.  Hence  the  period  of 
simple  harmonic  motion  is  independent  of  the  awplitudB 
of  viliration.  In  other  words,  if  the  acceleration  of  a  vi-  * 
brating  particle  toward  its  mean  position  bears  a  fixed 
proportion  to  its  displacement  from  that  position,  the 
HHUrticle  will  execute  a  simple  harmonic  motion  whose 
H^riod  is  independent  of  the  amplitude  of  the  vibration. 
This  proi>erty  of  oscillating  in  equal  times  whatever  tho 
amplitude  of  the  swing  Is  called  isochronism,  and  a  par- 
ticle thus  oscilhitiu<^  is  said  to  vibrato  isochronously. 

5I(.  ("omiKKsitiuii  ol'  Siiii|i!e  Harmonic  Motions. — 
Harmonic  Curve. — Motions  f>f  vibi*ation  may  be  com- 
pounded and  resolved,  like  motions  of  translation  and 
rotation.  When  a  niiuple  harmonic  motion  along  a  given 
liflc  is  compounded  with  a  uniform  motion  of  translation 
in  a  direction  perpendicular  to  this  liii^,  the  resultant  is 
a  locuH  stalled  tlie  harmonic  curve.  Such  a  curve  is  seen 
in  Pigure  20.     It  may  be  traced  as  ff»llows: 

On  a  horizontal  line  AB  lay  off  a  senes  of  equal 
distances  to  represent  the  uniform  trauslatory  motion. 
Draw  Uie  circle  AC'DE  to  represent  tlie  circle  of  refer- 
ence of  the  simple  harmonic  motion,  this  motion  itself 
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taking  place  aloug  the  diameter  CE,  Ou  this  circle  laj 
off  equal  arcs  Ekt,  ab,  he,  etc.,  to  represent  the  auiforoi 
motion  in  the  auxiliary  circle.  The  projections  of  these 
arcs  upon  the  diameter  J?C7  will  represent  their  simple 
harmouic  resolutes;  i.e.,  the  spaces  passed  over  in  equal 
times  aloug  the  diameter.  Let  the  vibrating  particle 
start  from  C  to  move  downward,  and  from  0  to  move  to 
the  right ;  and  represent  its  position  by  0',  the  intersec- 
tion of  OO'  and  (M)'.  At  the  end  of  the  first  time-interval 
it  would  be  vertically  at  i  and  horizontally  at  1 ;  and 
therefore  will  be  actually  at  1',  the  intersection  of  (V  and 
1,  r.  At  the  end  of  the  second  interval  its  vertical  motion 
will  have  brought  it  to  s,  and  its  horizontal  motion  to  2; 


80  that  it  will  be  found  at  2'.  So  at  the  end  of  the  thi 
interval  it  will  be  at  3 ;  having  reached  the  middle  point 
of  its  swing.  Here  the  acceleration  changes  sign,  aad 
the  space  described  begins  to  dimiuish  ;  and  at  the  end 
of  the  fourth,  fifth,  and  sixth  intervals  the  particle  wiJI 
be  at  4',  5',  and  6',  respectively.  Having  now  reached 
the  end  of  its  swing,  it  stops  and  retraces  its  course, 
passing  through  the  points  named  in  the  inverse  order 
and  occupying  the  positions  7',  8',  9,  10',  11\  and  12'. 
It  has  now  completed  one  vibration,  and  has  returned  io 
its  initial  position,  the  time  occupied  being  the  same  as 
that  required  to  describe  the  auxiliary  circle  uniformly. 
In  twelve  time-intervals  the  particle  has  moved  over 
twelve  eqnal  horizontal  spaces,  and  simultaneously  over 
twelve  simple  harmonic  spaces.    If  now  a  regular  curre 


be   drawn    ihrongh  the  resaltaut  points  of  these  two 
motions,  this  curve  wil]  be  the  harmonic  ourre.  ^ 

f%l,  Bquatiou  of  the  Harmonic  Curve. — An  inspec- 
tion of  this  curve  shows  that  it  is  a  periodic  or  repeating 
cnnre.  In  order  to  obtain  its  equation,  it  is  necessarj 
only  to  combine  the  equation  of  nniiorm  rectilinear 
motion  I  ^=  st  with  the  equation  of  simple  harnionio 
motion  d=  a  cos  oH  \  which  gives  for  the  equation  of  the 
harmonic  curve 


d  =  a  cos  arf/«. 


[13] 


This  equation  shows  that  <f,  the  ordinate  to  the  curve. 
which  represents  the  displacement,  varies  directly  as  the 
amplitude  of  the  vibration,  and  as  the  cosine  of  an  angle 
which  itself  varies  directly  as  the  abscissa  and  inversely 
as  the  speed  of  the  rectilinear  motion,  and  which  repre- 
sents the  phase.  Since  u>  =  2^/7^,  the  equation  becomes 
d  =  a. con 2rtI/sT,  But  sT  is  evidoutly  the  rectiliuear 
distance  travelled  during  a  complete  period  ;  and  this  is 
called  the  wave-length.  Representing  it  by  \,  the  com- 
plete equation  of  tlie  harmonic  curve  is 


d  =  a,  cos  2rtl/X. 


[14] 


Evidently  when  I  is  zero,  27tl/X  is  also  zero ;  and  since 
coo  0  =  1,  (2  =  a,  or  the  displacement  is  a  maximum  and 
is  «K|nal  to  the  amplitude.  When  I  =  JA,  cos  2t//A.  =  0 
M^i^p:  0 ;  the  moving  particle  being  at  the  center  of 
^^^^sg*  When  I  =  i\,  cos  2nl/\  =  —  1,  and  d  =— a  ; 
or  the  pjfcrticle  is  at  the  point  of  maximum  negative  elon- 
gation. If  /  be  increased  another  quarter  wave-length, 
or  U>  JX,  the  cosine  and  the  displacement  again  become 
Bern,  and  the  particle  is  again  at  the  center,  but  moving 
Id  the  opposite  direction.  So  that  Unally  when  f  =  A, 
co«  2nt/X  =  cos  2;r  =  1,  and  ^  =  a,  as  at  first;  the 
particle  having  completed  an  entire  vibration.  It 
appears,  therefore,  that  whenever  I  is  increased  by  A, 
^itl/\  is  increased  by  2^-;  and  the  value  of  d  is 
unaltered. 
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If,  in  like  mauner,  the  Bpeed-eqnatiou  of  simple  bar- 
monio  motion  be  combined  with  the  equation  of  uniform 
rectilinear  motion,  the  resulting  equation  will  be 


s*  z=.  a  .  sin  ^nl/X. 


[15] 


The  resulting  harmonic  curve  is  shown  in  Figure  21.  If 
the  particle  oscillate  along  the  diameter  AD,  its  speed  at 
A,  y,  p,  o,  etc.,  ^^ill  be  proportional  to  the  ordinates  drawn 
from  these  points  to  the  circle  of  reference ;  i.e.,  to  the 
simple  harmonic  resolates  perpendicular  to  the  line  of 
oscillation.  Laying  off  as  before  equal  spaces  on  tha 
line  AB  to  represent  the  uniform  translatorj  motion,  and 
erecting  ordinates  at  each  of  these  points  to  represent 
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these  resolutes,  the  line  joining  the  ends  of  the  ordinates 
will  be  the  harmonic  curve.  If  both  motions  originate 
at  At  the  speeds  at  this  point  are  both  zero,  and  both 
the  abscissa  and  ordinate  are  zero ;  hence  the  curve 
passes  through  the  origin.  At  the  end  of  the  first  time- 
interval,  the  particle  is  at  q  and  its  speed  is  aq.  Drawing 
an  ordinate  at  1  equal  to  aq,  the  end  1'  of  this  ordinate  is 
also  a  point  on  the  curve  ;  and  so  are  the  points  2'  ami 
3*,  the  ends  of  ordinates  corresponding  to  hp  and  CO^ 
Here  the  speed  is  a  maximum,  and  it  decreases  accortl- 
ing  to  the  same  law.  Evidently  during  the  time  required 
for  the  particle  to  oscillate  from  A  io  D  and  back  again, 
its  rectilinear  motion  has  carried  it  from  0  to  12;  and 
hence  the  distance  0  to  12,  since  it  represents  the  recti- 
linear space  traversed  during  one  complete  vibration,  is 
the  wave-length. 
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An  inspection  of  the  figure  shows  that  the  speed- 
enrre  differs  from  the  displacement-cnrve  by  one  quarter 
of  the  'period.  So  that  if  the  one  be  Hlipped  along  the 
translation  axii)  by  one  quarter  of  a  wave-length,  it  will 
ooinciile  with  the  other.  The  same  result  follows  from 
a  comparison  of  the  equations  to  these  curves.  In  the 
speed-equation,  whenever  I  is  equal  to  0  or  to  an  even 
number  of  quarter  wave4eugths,  the  harmonic  speed  of 
the  particle  is  zero;  and  whenever  /  is  equal  to  an  un- 
even number  of  quarter  wave-leugths,  the  harmonic 
^  speed  of  the  particle  is  a  maximum  and  is  numerically 
m  equal  to  the  amplitude.  From  its  form  the  harmouic 
carve  is  ordinarily  known  as  the  carve  of  sines,  or  the 
8inns4>idal  curve.  The  slope  of  the  curve  is  obviously  a 
function  both  of  the  amplitude  and  of  the  wave-length. 

EU'KRnfRNT. — The  vibrations  of  a  pendulum  aru  approximately 
aimplis  harmonif*  wht>n  tho  jimplitudo  is  amall.  Ooostrucl  a  pendu- 
lum with  a  lioUuw  bub,  so  tliHl  wliuii  it  oscillates,  tho  sand  with 
which  this  boh  is  titled  shall  \ye  delivered  in  »  fine  etrcnm;  and  notice 
that  the  gand-tnico  id  thickest  .it  liie  ends  of  the  swing,  where  the 
tDution  \a  slowest.  Plticu  ii  sheet  of  [mper  beneath  tho  moving  pen- 
duluiu  And  draw  it  uniformly  along  in  a  direciiou  perpendicular  to 
that  of  the  oecillation.  The  falling  sand  will  trace  out  the  harmonic 
curve  approximately.  If  a  little  dry  aniline  c^jlor  be  mixed  with  tlie 
SKod,  and  alcohol  be  sprayed  upon  it  after  it  bus  been  distributed 
upon  the  paper,  the  path  described  will  be  loft  aa  a  permanent  stain. 

as.  Composition  of  Simple  Haniiuiiic  Motions.— T. 
Of  the  Hiime  Periotl, — The  problem  of  compouutling 
two  Him]>le  harmonic  motions  with  each  other  may  be 
readily  Bolved  either  by  ronHtructiou  or  by  calculation. 
Two  caiHCH  are  to  l»e  c^usidereil :  lat.  that  in  which  the 
two  motions  take  place  along  the  same  line ;  and  2d,  that 
in  which  ihe  motions  are  perpendicular  to  each  other. 
Ill  the  former  case  the  resultant  will  also  be  a  simple 
hArroonio  motion,  whose  amplitude  in  the  algebraic  sum 
of  t]]«' component  amplitudes.  If  the  motions  cora- 
pouaded  are  equal  and  are  in  the  same  phase,  the 
r^aultant  irlll  be  a  simple  harmonic  motion  of  double 
amplitude.  If  they  are  equal  but  in  opposite  phases, 
the  reaultaQt  amplitude  will  be  asero. 
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In  the  latter  case,  when  the  motions  componnded  are 
perpendicular  to  each  other,  there  will  aUo  be  two  differ* 
ent  resultB,  according  to  the  relative  phases  of  the  com- 
ponents. If  these  components  are  equal  in  f^plitude 
and  are  either  alike  or  opposite  iu  phase,  their  resaltaot 
will  be  a  simple  harmonic  motion  along  a  line  bisecting 
the  angle  between  them.  If  both  components  are  in  the 
same  pbase^  this  resultant  diagonal  will  lie  in  the  fir^t 
and  third  quadrants ;  if  they  are  in  opposite  phases,  the 
resultant  will  lie  iu  the  second  and  fourth  quadrants 
and  be  perpendicular  to  the  former.  If,  however,  the 
difference  of  phase  between  the  components  be  one 
quarter  of  the  period,  tben  evidently  one  of  the  particles 
will  be  at  the  middle  of  its  swiug  and  monng  fastest, 
when  tlie  other  is  at  the  end  of  its  swing  and  moving 
slowest ;  the  consequence  of  which  is  that  the  resnltiog 
path  will  be  a  circle,  the  circle  of  reference  iu  fact,  de- 
Hcribed  with  a  uniform  motion.  If  the  phase-difference 
be  three  quarters  of  a  period,  i.e.,  one  quarter  of  & 
period  in  the  opposite  direction,  the  resultant  will  still 
be  a  circle,  but  the  moving  particle  will  describe  it  in  the 
opposite  sense. 

Illustration.— To  ilhigtrate  thia  by  conRtruction,  let  ABhSid  CD 
(Fig.  22}  be  the  two  rectangular  simple  harmonio  motions  to  bo  com- 

poimrled.  Sinco  th<;  amplitudes  nre 
equal,  the  speeds  at  correspondiag 
points  will  be  equal.  Suppose  tb« 
motions  to  be  both  in  the  Btune 
phftjie,  let  tbem  both  be  positive, 
and  both  stjirt  at  0.  At  a  subse- 
quent instant,  when  by  the  horizon* 
tal  motion  alone  the  moving  particlo 
would  heal  1.  by  the  vertical  motion 
alone  it  would  be  at  c.  Hence  its 
actual  position  will  be  a*  at  the  end 
of  the  diagtjnal  of  the  paralleloj^ram 
whose  sides  are  01  and  Oc.  At 
the  cud  of  the  second  intervaJ 
the  partiolo  will  bo  at  y;  and  so  on,  reaching  P  at  Iho  end 
of  the  fourth  interval  and  continuing  to  osclMuto  nlnng  the  line  PP'^ 
whose  direction  is  inclined  4.5°  lo  the  direction  of  the  component 
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rouljoui.  If,  however,  the  Iwo  motions  be  in  opp«>sitf(  plmsrs,  lli(tn» 
atthoQgh  these  tnolinas  muysitiiultATit'ousIy  ori^iiate  in  Ons  before, 
oDe  of  Uiem  will  hflve  :i  ii*.*gative  direction.  Supiio^e  tt  to  tio  the 
TertfcAl  one.  Then  wh**n  by  ihe  horizontal  motion  lh«  fmrtivle 
wouM  bv  ^rrietl  Co  1,  by  the  vertitiul  motion  it  would  bi;  carried  to 
ti  ;  und  Ihns,  under  the  influence  of  both  these  motions.,  the  [mrticia 
will  osoillnto  along  the  diagonal  Qi/,  perpcndicubir  to  PP'.  Siueo 
tht*  projection  of  a  simple  tinrnionic  motion  i»  hUo  u  simple  hiir- 
monic  motion,  the  jwirliele  in  each  of  the  above  wises  will  describe 
simple  harmonic*  motion  along  a  diagoniil. 

SiippOM  now  there  be  a  difference  of  plinw  between  the  two  mo 
tious  of  one  qanrtor  of  n  period,  and  let  the  origin  of  the  motions 

lit  A.  A  particle  at  this  point  will  have  its  maximum  Kpw<l 
ically  nnd  will  have  zero  Hpeed  horizontally,  since  it  ia  at  the 
Slreraity  of  it»  swing.  During  Mio  first  time-iulerva!,  if  both  mo- 
tion:* be  |K>8itive,  the  particle  would  move  by  the  vertical  motion 
Alone  through  the  distance  Am^  and  by  the  horizontal  motion  alone 
through  ll»e  distaiice  ^Ifl.  Both  these  motions  together  will  bring  it 
tox".  In  the  s/une  way,  at  the  end  of  the  see*jnd  interval  it  will 
be  at  y":  until  at  the  end  of  the  fourth  interval  it  will  bo  at  (.',  hav- 
ing deacribrtd  Ihe  cireiilar  arc  Aitf'yf'C.  Hence  the  particle  will 
move  uniformly  in  the  circle  ACBD  in  the  sjime  direction  i\a  that  in 
which  the  hands  of  a  watcli  move;  i.e.,  in  the  negjitivo  direction. 
If,  h*jwpyer,  the  horizontal  motion  be  negi»tive,  and  if  Ihe  particle 
beigtn  its  motion  at  B.  the  difference  of  phase  will  now  be  throe 
qiMirtor»  of  a  period,  and  the  path  of  the  particle  will  again  be  the 
rirele  of  refurunce  ;  but  now  this  path  will  ha  di'^eribeil  In  the  jwri- 
tlfie  direotion. 

Evidently,  therefore,  uniform  motiou  iu  a  ciicl*'  luay 
be  I'onsidered  as  compouuded  of  two  simple  harmonic 
motions  Ukiu^  place  along  two  perpemlicular  diameters 
of  ■'  H'le.  Mitrt'ovpr,  it  will  be  (d).served  timt  when 
tilt  .ace  of   pLu.se  between  tliese  two  compoueut 

motionH  ik  zitro,  the  renultaut  la  a  straight  line  ;  that 
when  tLi«  difference  is  one  quarter  of  tlie  period,  the  re- 
<%u)biut  in  a  circle  ;  that  when  it  is  one  half  (»f  tlie  period, 
thn  two  motions  are  in  opposite  phases  and  the  resnlt- 
i  is  af;»iu  a  straight  line;  that  when  it  is  three  quar- 
i)f  tlie  period,  the  resultant  is  again  a  rirde ;  and 
IliAtwbeu  the  difference  is  four  quartc^rs,  the  components 
affi  o^ain  in  the  same  phase.  Hence  the  circle  and  the 
straight  line  are  the  limiting  values  of  the  resultant 
Adj   uitermediate   difference   of    phase   between   these 
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liiuitH  will  give  aii  iuteriuediate  reHiiltant ;  i.e.,  an  ellipse; 
art  may  easily  be  shown  by  coustructiug  such  a  result- 
aut  with  au  eightlt  periud  iliflereuce  of  phuHe.  Obvi- 
ously if  the  ainplituJes  of  the  couipoueut  motic^u  be  not 
equal,  the  resultant,  if  it  be  a  straight  line,  will  uot  be 
iiiuliued  at  45"^  to  the  couipouentn ;  ami  with  a  diHerence 
of  pLaae  of  cue  quarter  period  the  resultaut  will  be  an 
ellipse  whose  axes  are  parallel  to  the  directiou  of  the 
coinpoueut  inotioiiH. 

51K  <*oiiii»ii.siii<Mi  (»t'  Simple  Hariuoiiic  Motion)*,— 
II.  or  UlJlereiit  Periodrs. — If  the  .simi)Ie  hariuouic  vi- 
brations are  perpeudicular  and  are  uot  of  the  same 
period,  the  resultant  is  a  special  curve,  the  form  of  which 
is  a  function  of  the  two  component  periods.  The  sim- 
plest period  ratio  uext  to  that  of  1  :  1  is  that  of  1  :  ^ 
Two  harmonic  motions  whose  ppriotls  are  as  1  :  2  coin- 
pouud  into  a  resultaut  which,  when  the  difference  of 
phase  is  equal  to  \  the  shorter  periud,  is  a  parabola; 
and  when  the  difference  of  phase  is  zero  or  ib  J  the 
shorter  periud,  is  the  figure-of-eight  curve  knowu  as  the 
lemuiBcate.  The  following  figures  (Figa  28  and  24) 
show  the  changes  in  the  resultant  curve  produced  by 
changes  of  phas«  alou«  ; 
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In  case  the  periods  are  as  2 : 3,  the  cui'ves  are  as  (bl-* 

lows : 


^ 


Fro  S4. 
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If  tbe  period  of  either  of  the  two  motions  be  only 
^proximatolj  exact,  i.e.,  if  the  ratio  between  them  be 
not  represented  by  simple  whole  numbers,  then  one  of 
the  inoti^nH  gaiu.s  more  or  less  rapidly  on  the  otlier,  the 
difference  of  phase  continually  changes,  and  the  result- 
AUt  curve  passes  in  succession  through  all  the  forms 
which  are  characteristic  of  the  period-ratio.  The  tiuio 
required  to  pass  through  its  cycle  of  changes  will  be 
the  greater,  the  larger  the  numbers  representing  the 
ratio.  When  this  is  1  : 2,  the  phase  is  constjiut.  When 
it  is  10  :  21,  the  phase  slowly  changes,  completing  tlie 
cycle  only  after  20  complete  vibrations  of  the  slower 
motion.  When  it  is  UHK) :  2001,  it  will  take  2000  Wbra- 
tioiiB  of  the  slower  t<»  complete  the  cycle. 

<SO.  Analytical  Pt'terniihHtioii  of  the  KcHiiUant- — 
The  magnitude  and  ilirectton  of  the  resultant  in  these 
cases  may  also  be  obtained  analytically.  The  (Munition 
of  Rimple  harmonic  motion  is  y  —  r  sin  cjf  for  one  of  tlie 
components  and  j  =  r  eos  cot  for  the  other.  If  the  two 
motion!)  originate  at  the  middle  point,  the  speed  of  each 
particle,  supjiosing  the  period  and  amplitude  to  be  the 
«Aiae  for  l>oth,  will  bo  the  same  at  this  point;  i.e.,  will 
be  a  maxiuinrn  and  equal  to  r,  the  radius  of  the  auxiliary 
circle.  Since  the  resultant  of  two  equal  rectilinear  mo- 
tions r  at  right  angles  is  y'2r^  iu  magnitude,  and  since 
the  angle  made  by  tlie  resultant  with  either  of  them  is 
tbe  angle  whose  tangent  is  the  ratio  of  the  other  motion 
to  that  one,  the  resnltjiut  in  this  ease  is  obviously  the 
diagonal  of  the  parallelogram  constructed  on  these  mo- 
tlouii  Hfi  sides,  and  equally  inclined  to  the  two ;  for 
r/r  =  tan  oe  =  1  nnri  tv  =■  45*.  In  general,  since  7^'  = 
a^-j-  y*f  i.e.,  the  resultant  of  two  rectangular  motions  is 
tl.'  le  root  of  the  sum  of  tlndr   stjuares,  we  have, 

!•■  rig  the  above  equations  of  harmonic  motion, 


X*  =.  r'  cos'  ct        and         y'  =  r*  sin'  a ; 


lence 


x'  -f-  y*  =  rfcos*  or  -f-  sin*  a)  =  r*. 
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But  thiH  18  the  equatiou  of  a  circle  of  radius  r  wiib  the 
origin  at  the  center.  If  the  epoch  of  one  harmouic  mo- 
iiun  be  zero,  while  that  of  the  other  is  e,  then  the  t^o 
equations  above  become 


X  =  r  cos  a 


and 


y  =  r  cos  {a  —  e). 


Combining  these,  we  have 


1/  =  X  cos  €  4-  (r"  —  3dy  sin  e, 


which  readily  reduces  to 


y^  —  2xy  cos  €  -|-  a;'  =  ?••  sinV. 


[16] 


If  in  this  equatiou  the  epoch-augle  e  be  0\  we  have 
X  =  ^  or  the  equatiou  of  a  straight  line  making  au  angle 
of  45°  with  the  axis  of  abscissjw?  along  which  the  har- 
mouic juotiou  X  takes  place.  If  f  =  1*0  \  tbeu  the  equa- 
tiou becomes  y'  -|-  x*  =  r",  the  equation  of  a  circle.  For 
iutermftdiate  values,  the  expression  b<3comes  tJie  etpiatiou 
of  an  pllipse,  rcfiMTed  to  the  diagonals  (Fig.  22)  as  ax.es. 
If  the  two  component  motions  have  ilifferent  am- 
plitudes, their  equations  are 


r  cos  a 


aud 


y  =  r'  cos  {a  —  e). 


Combining  these  two  equations,  and  putting  tlie  epoob 
€  =  ^T,  the  resultant  equation  reduces  to 


-  -  -I-  —  =  1 
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which  is  the  equatiou  of  au  ellipse  referred  to  its  renter 
and  axes.  If  the  period  of  the  two  oscillatious  be  differ- 
ent and  be  commensurable,  so  that  a'  =  nor  or  {a)ty  = 
n(V«)^),  then  the  resultant  equations  represent  the  curves 
above  described,  which  are  characteristic  of  the  period- 
ratio.     For  example,  if  a'  =  2ar,  the  equations  become 


ar  =  r  cos  2a 


and 


1/  =  r  cos  (or  —  e); 


which,  if  €  =  0,  becomes  y  =  r  cos  or.     The  resultant  of 
these  two  equations  is 


2   , 


ri8] 


which  is  the  equation  of  a  parabola,  the  abscissa  varying 
n»  the  Hquurf  of  ilie  ordinate.  If  e  be  made  equal  to  tt, 
then  thp  pquation  is  that  of  the  curve  known  an  tlio  lem- 
ttiacate. 

01  •  <*oRipUHlliMU  ol'  lluriuoiiic  Curves. — The  best 
IdikU-  of  compouuiliug  harmonic  vibratioiiK  aIon|;  the 
e  line  is  to  combine  witli  each  of  tliese  vibrationn  a 

iforiu  motion  of  traublation  perpendicular  in  it,  thus 
fonniug  a  harmonic  cur^'e ;  and  then  to  compound  these 
carvcH.  Since  the  rt'8ult«nt  uf  two  or  m(irc  motions 
along  tlie  same  line  is  alwu.js  the  al<{e]>raic  sum  of  these 
tuutiousr  it  is  evident  that  the  ordinatesof  the  compound 
curve  will  be  sim])lv  the  algebraic  sum  of  the  oriliuates 
of  the  simple  curve.  Thus,  for  example,  if  the  two  com- 
ponent curves  have  the  same  amplitude,  their  ordinates 
will  be  equal ;  and  if  the  epoch  be  zero,  the  couipiuiud 
curve  will  be  a  iMirve  of  twice  th«>  am]>litiulc.  if  the 
apoeh  be  rt^  then  the  component  ordinate^  will  have  o])- 
|Kisite  signs,  nnd  being  e({ua1  their  reKultaut  will  bo 
zero;  Le.,  the  two  motions  will  mutually  tlostroy  each 
other. 


Tbu*  li  A  ri'iin.'serii  11  liartnonic  curve  of  amplitude  one  and  thU 
b^comttined  wWh  t\w  fuU  curvo  of  C,  a  prccisiily  similur  harmonic 
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curve,  the  resultant  curve  will  be  represented  by  B^  of  twice  the 

nmpliliide  ;  llie  ordinates  of  thf  latter  curve,  at  all  corresponding 
puintb,  being  the  sura  of  the  component  ordinates.  But  if  A  be 
combined  with  the  dotted  curve  of  C,  i.e.,  if  we  combine  the  two 
curves  shown  in  Cy  the  resultant  will  be  a  straight  line;  since  the 
e<iual  orditiateft  of  the  two  curves,  being  of  opposite  signs,  will  de- 
Htroy  each  other  mutually. 

If  the  harmonic  curves  have  not  the  same  period,  the 
method  of  compouudinj^  them  is  still  the  same  ;  the  or- 
dinntPH  of  the  resultHut  heiug  iilwajs  the  alf^ebraic  sum 
of  tlie  ordinates  of  the  component  curves.  The  follow- 
ing tigures  show  the  compound  curves  obtained  hy  com- 
bining two  harmonic  curves  of  <iifferent  perioda  In  the 
first  the  periods  are  as  one  to  two,  and  iu  the  second  fts_ 
two  to  three. 


«2.  Phenomena  of  Wavr-inotlon. — A  wave  in  its 
simplest  form  consists  of  a  series  of  ])articles  all  vibrat- 
ing according  ttj  the  simple  harmonic  law  and  ha\iag 
between  them  a  uniform  difi'erenre  of  phase.  Thus,  for 
example,  if  a  row  of  particles,  forming  a  straight  line 
when  at  rest,  be  made  to  vibrate  with  simple  harinonio 
motion  along  the  vertical  lines  n,  /*,  c,  d,  etc.,  in  fho 
figure  (Fig.  28),  and  if  the  particle  at  a  \n*  at  a  given 

n        h        r.        d        c         f        Q       ^         *        j        fc        '         w* 

I  I  I  M  t  M  1  1  1  W 

Fio    28. 


instant  at  its  middle  point,  while  the  ]mrticles  at  ft,  c, 
etc,  are  successively'  in  advance  of  this  position  by  -^^ 
'h*  tV  *^**^''  ^^  ^"  entire  period,  then  it  is  erident  that  tJio 
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complete  row  of  particles  thus  Anbratiug  will  Lave  the 
forna  of  a  simple  harmonic  wave.  Moreover,  hh  the 
difference  of  phase  betweeu  tJiem  is  constant,  the  wave- 
form ia  preserved  coustaut  also.  If  the  particle  at  a  he 
moving  upward,  then  at  the  next  snccooding  time-interval 
all  the  particles  will  have  changed  their  {Kfsitions,  the 
highest  part  of  the  wave  will  have  moved  on  to  r  und 
th«  lowest  to  /,  the  Avave  as  a  whole  having  moved  from 
right  to  left.  E\adeutly  during  a  complete  period,  tlje 
wave  would  move  from  wj  to  «  ;  and  this  distance,  since 
it  represents  the  dihtance  travelled  during  a  complete 
oscillation  of  one  of  the  particles^  ia  a  wave-length. 
Hence  the  lenpth  of  a  wave  may  be  defined  as  the 
distance  from  a  given  j»articlF  on  the  wave  to 
the  next  particle  wltich  is  in  the  same  relative 
position  and  is  moving  in  the  same  direction. 
The  form  of  this  wave  resembles  that  of  tlie  siTMplo  Imr- 
lnclnicour^'e  already  mentioned.  But  it  should  be  borne 
iA  iniud  that  the  harmonic  curve  represeuts  the  sncces- 
«ive  positions  of  a  single  parti<'Ie,  whilp  the  wave-form 
represents  the  simultaneous  i)ositinns  of  a  row  of  par- 
ticles. In  the  fi  )rmer  case  the  abscissas  represent  times ; 
ID  the  latter  they  r<»present  distancos, 

BJi.  SgnTil  i»r  ProimKatiuii. — With  reference  to  the 
fk|»^ed  with  which  the  wave  is  propagated,  this  depends 
iu  (general  upon  the  medium  which  it  traverses.  If^ 
however,  the  time  of  vibration  of  the  particles  in  one 
MM  be  half  as  great  as  in  another,  the  difference  of 
phaiue  remaining  the  same,  then  evidently  while  the 
wttve-forni  will  remain  the  same,  since  it  tlepends  only 
U|Hm  the  relative  positions  r>f  the  particles,  and  these 
are  ntiolumged,  the  wave  itself  will  move  twice  as  rapidly. 
Hik,  on  the  other  hand,  if  the  phase-difference  l»e  inde- 
pduilent  of  the  rapidity  of  vibration  of  the  particles,  the 
rate  at  which  the  wave  is  proi)a^ated  will  l>e  constant, 
Uie  time  in  which  the  particles  vil^rate  affecting  only  the 
wavo-Uingth.  Obnously  the  shorter  the  wave  the  greater 
Lhe  nauibor  which  pass  a  given  poiitt  in  a  given  time* 
oUi<*r  things  l>eing  t-qnal. 
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04.  Classification  of  Waves. — Waves  are  cumruonlj 
divided  into  three  claHHeu  according  to  the  relation 
exi»tiu^  between  the  direction  of  propagation  of  the 
wave  itself  and  the  direction  uf  vibration  of  its  particleii. 
Thewe  are  :  (I)  Transversal  waves,  in  wliich  the  particles 
oscillate  along  lines  p*n])eudicu!ar  to  the  line  of  propa- 
gation, us  in  the  figure  above  given.  (2)  Longitudinal 
waveK,  in  which  the  oscillation  of  the  particles  takes 
place  along  tlie  line  of  propagation.  And  (3)  Circolar 
waves,  iu  which  the  particles  move  in  circles  whose 
planes  are  iu  the  direction  of  propagation,  and  of  which  the 
Brst  two  may  be  regarded  as  limiting  cases.  The  motion 
in  light' waves  luny  be  taken  as  an  example  of  transversal 
vibrations,  in  waves  f»f  sound  of  longitudinal  vibrations, 
and  iu  water-waves  as  an  example  of  circular  vibrationa, 
in  the  moving  ])articles.  In  the  tirst  and  third  of  thene 
classes, tlie  wave  ('onsistsof  jijun-tion  raised  above  the  nor- 
mal level  iind  cidled  the  crest,  and  of  a  portion  depressed 
below  it  called  the  trongh.  In  the  second  class  the  par- 
ticles rtpproncli  and  recede  from  each  other,  forming  a 
condensed  portion  over  one  half  the  wave  and  a  rarefied 
portion  over  the  other. 

05.  Wuve-fnMit.  —  Suppose  a  nundier  of  parallel 
rows  of  particles  tf>  be  all  occupied  in  transmitting  the 
BAme  wave.  It  is  evident  that  a  plane  may  be  drawn 
tlirongh  the  particles  in  the  different  rows  which  are  in 
the  same  phase  ;  and  that  this  plane  will  be  uornijj  to 
the  direction  of  propagation.  Such  a  plane  is  spokeu  of 
as  the  wave-front.  It  is  the  surface  in  which  a  single 
wave-form,  or  portion  of  a  wave-form,  is  conceived  of  aa 
lying.  Thus  if  waves  radiate  from  a  point  in  an  ino- 
tropic medium  (i.e.,  one  in  which  the  speed  of  propaga- 
tion is  the  same  in  all  directions),  the  successive  wave- 
fronts  will  be  enveloping  spheres ;  of  progressiveJj 
increasing  radii  and  therefore  decreasing  curvature  aa 
time  goes  on.  Evidently  these  wave-fronts  are  closer 
together  in  proportiim  as  the  waves  themselves  are 
shorter ;  i.e.,  as  the  wave-frequency  is  greater.  When 
such  spherical  waves  impinge  upon  the  phme  surface  of 
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nd  aud  denser  medium,  oue  portiou  suflei's  refleu- 
tioDf  Uie  reflected  wuvrs  uppeariiifi  to  come  from  a 
center  as  mucL  l>el»iud  tlie  surface  as  tlie  actual  center  is 
in  front  of  it.  At  the  name  time,  another  portion  outers 
the  medium,  producing  a  second  set  of  spherical  waves, 
whose  8}»eetl  of  propagation,  and  therefore  whoHe  wave- 
lenj^th,  is  dimininhetL  If,  however,  the  wave  impinges 
apuo  the  surface  of  a  less  dense  ntodium,  not  only  is 
there  a  wave  of  greater  amplitude  and  of  increased 
length  ju'opiigated  into  this  rarer  uicdiuin,  hut  the  wave 
which  is  reflected  hack  into  the  denser  medium,  while 
unchanged  in  length,  in  exactly  revei*sed  in  phase.  So 
that  the  crest  of  a  wave  when  reflected  hecimies  a  trough  ; 
and  a  compression  biH'omes  a  rarefaction.  In  other 
words,  there  is  a  hiss  of  half  a  wave-length  whenever 
reflecli<m  takes  ]>Iace«  at  the  surface  of  a  rarer  medium. 

OO.  luter(Vreiic«'  of*  Waves. — According  to  Fourier, 
anv  f»eriodic  curve  whatever  can  he  produced  hy  com- 
pouutliug  simple  liarmoui<*  curves  having  the  same  axis, 
vhose  wave  lengths  arc  aliquot  parts  of  its  own.  And 
c<mversely,  all  wucli  compouml  curves  may  be  resolved 
intn  these  simple  harnnmic  curves.  Since  all  waves 
haT«^  the  forms  f>f  these  siue-curves  approxinmtely.  they 

.V  l>e  compounded,  i.e.,  be  made  to  interfere,  in  the 
e  way  and  with  the  same  results.  As  an  illustration, 
snppo!^  two  waves  of  the  same  length  and  amplitude 
bat  in  ojiposite  phases  be  made  U)  interfere.  Since 
they  are  equal  in  magnitude  and  are  opposite  in  sign 
they  will  mutually  <lestroy  each  other.  Thus,  for 
OXiunple,  if  two  such  wavt^s  be  made  to  move  contiuu- 
oody  over  a  stretched  wire  in  opjwsite  (lirections,  they 
r  '  :d  oerUiiu  points  of  the  wire  in  the  same  ])hase 

'tir  points  in  opposite  phases  ;  producing  nodes 

points  of  rest  at  the  latter,  and  antiuodeB  or  points  of 
maxlmnru  motion  at  the  formnr,  rnterinediat^dy  a  har- 
monic gradation  will  result,  so  that  the  wire  will  vibrate 
in  segments,  producing  wlmt  are  known  as  stationary 
w«ve«.  The  distance  from  a  node  to  the  next  antinodo 
will  evidently  be  one  <piarter  of  the  wave  length. 
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Suppose  two  waves,  one  slightly  longer  than  the 
otLer,  to  be  started  together  over  the  same  course.  The 
longer  one  will  gain  upou  the  other  until  at  a  certain 
distance  it  will  1>e  half  a  wavo-length  in  advance  of  it 
au4l  the  two  will  be  opposite  in  phase.  At  twic^  this 
distance  the  longer  will  have  gained  au  entire  wavo 
upon  the  shorter  and  the  two  will  again  be  in  accord.  If, 
for  examjde,  one  vibrating  body  makes  10()  vibrations 
per  Hccoud  and  the  other  101,  then  in  half  a  second,  after 
the  tirst  has  made  50  vibrations  the  second  will  have 
made  oOi  an<l  the  two  will  o]>pose  each  other.  At  the 
end  of  a  whole  second  the  former  will  have  made  one 
complete  vibration  more  than  the  latter  and  they  will 
again  be  in  accord.  The  resultant  curve  varies,  therefore, 
in  amplitude  between  zero  and  the  sum  of  the  compo- 
nent amplitudes.  In  the  case  of  sound,  the  eifect  is  an 
alternate  increase  and  decrease  in  its  intensity,  giving 
rise  to  the  phenomenon  known  in  music  ns  beating. 

When  a  wave-front  meets  a  screen,  near  its  edge  and 
peipeiidicular  to  its  plane,  it  causes  a  series  of  secondary 
waves  having  this  edge  as  their  common  center.  These 
secondary  waves,  since  they  move  in  all  directions,  pass 
int<^>  the  space  beliiud  the  screen  or  are  intlectiMi;  tlins 
disturbing  the  exactness  of  ontline  of  the  geometrical 
shadow.  If  the  wave-length  be  not  small  com]>ared 
with  the  size  of  the  obstacle,  the  inflection  is  very 
considerable  and  there  is  practically  no  shadow.  Thua 
iu  the  case  of  sound-waves,  which  arc  in  general  of  con*. 
siderable  length  in  coin]>arison  with  ordinary  objects^ 
shadows  are  rare  and  ill  dr'tined  ;  while  in  the  ctase  of 
light,  the  waves  of  which  are  very  short,  sha^lowR  are 
sharp  and  well  <lefiiiiMl.  Tliis  bending  of  waves  arouud 
au  obstacle  is  called  diffraction. 
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Section  I, — Classification. 


»4^fiiiftinn  of  n.viinnik'N. — In  the  last  ehapter 
motion  vt-aa  Jiticussecl  solely  fri»m  the  geometrical  staud- 
poiut,  withf>at  referouce  to  the  amount  of  matter  moved 
or  to  the  antecedeut  orconseqiieut  pheuomena  of  tlie  mo- 
tion. It  is  ciitttoiuary,  however,  probably  iu  c'ouscH|ueuc'6 
of  the  experience  of  (Mir  owu  nmscular  seuse,  to  tvssume 
the  oxistouce  of  an  entity  called  force  us  the  caune  of 
motion.  That  department  of  physios  which  ctmsider.s 
the  Actiou  of  force  iu  producing  motion  or  pressure 
M  cnllrd  Dynamics  (from  6vt'n^iSy  force). 

UH.  HiiIhII  viNUiuH  of  l>ynami(*s. — Observation  teaches 
136  that  force  may  act  upon  matter  iu  one  t>f  two  ways : 
IhI,  so  as  to  produce  inotiou  in  it ;  or,  if  the  motion 
in  already  existiiif;,  so  as  to  change  the  direction  of  tliin 
motion;  or,  2d,  ho  as  to  prevent  motion,  i.e.,  to  conij)*?! 
re*it-  Hence  Dynamics  in  conveniently  divided  int«t  two 
branches:  Kinetioi,  or  that  branch  of  DynamicH  which 
iri  ^  the  action  of  force  in  producing  tlie  motion 

rt(  .  .    of  in  modifying  its  direction;  and  Statics,  or 

thai  branch  of  Dynamics  which  investigates  tlie  actiou  of 
force  in  preventing  motion.  Kinetics  therefore  considers 
matii^r  oulv  when  in  motion  under  the  action  of  force, 
while  Statics  trcatH  of  it  only  when  in  a  Kbite  of  equi- 
libriam  under  this  action, 
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Section  II. — BIinetics. 

61>.  Quantity  of  Motion,— Moiiientuin, — In  digousti- 
iug  niotiou  kiDematicjilly  only  tho  speeil  aud  directiou 
of  the  motion  were  considered,  without  reference  to  the 
niHss  oi  the  moving  l>ody.  In  Kinetics,  however,  the 
amount  of  motion  produced  by  the  action  of  a  force  upon 
a  bmly  depeuds  upon  the  mass  of  thut  body,  as  well  as 
npon  its  speed,  being  directly  proportional  to  both  these 
quantities.  If  vi  be  the  mass  of  the  moving  body  luid  s 
its  speed,  the  product  ma  will  represent  the  amount  of 
motion  in  it.  This  ])roduct  is  a  quantity  of  great  im- 
portance iu  Physics  aud  is  called  momentam.  iSince 
M=i]/i  we  have  ms  —  ml/f.  Bo  that  momentum  is  the  rate 
of  umss-displucement  in  the  same  sense  that  speed  is  the 
rat#_»  of  linear  displacement  Evidently  if  the  mass  and 
the  s]>eed  both  be  unity,  the  momentum  will  also  bo 
unity.  Autl  the  unit  of  momentum  may  be  <letiued  us 
thi'  momentum  of  a  unit  mass  moving  with  unit  speed. 
Hiuce  momentum  is  a  directed  (juautity,  momeutu  may 
be  compounded  and  resolved  like  motions  and  velocities. 
The  dimensions  of  unit  momentum  are  [MLT'*\ 

TO.  Mass,  Vohinic,  Density. — Iffass  Ims  alread}'  been 
defined  as  the  quantity  of  matter  in  a  body  expressed  ia 
units  of  mass ;  and  Tolome  as  the  space  which  a  body  oc- 
cupies expressed  in  units  of  volume.  Density  is  some- 
times deiined  as  the  ratio  of  mass  to  vuhimc.  But  if  the 
whole  amount  of  matter  in  a  body,  stated  in  units  of 
mass,  be  divided  by  its  volume  given  iu  units  of  volume, 
the  quotient  will  obviously  be  the  uumbcr  of  unitn  of 
mass  contained  in  one  unit  of  volume.  Hence  Umi 
density  of  a  substance  Is  better  defined  as  the  ma^s  con- 
tained in  unit  volume  of  that  substance. 

Examples.— In  Uie  C.  G.  S.  system,  thu  unit  mnss  if%  a  i^ani,  nxA 
the  unit  volume  is  a  cubic  centimeter.  But  by  legal  (Jrliiiition,  a 
gram  is  the  muss  of  a  cubic  centimoier  of  water,  Uence  the  Uen.-sity 
of  water  is  unity.  If  tlie  density  of  iron'  is  given  as  7'8,  this  la 
Aimpty  equivalent  to  the  stntemcot  that  the  muss  of  oiu*  cubic  centi- 
meter of  iron  is  7*8  grams.     Moreover,  just  as  density  U  the  qu<^ 
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tient  of  musis  by  volume,  or  (5=  m/D,  so  volume  U  lite  quotient 
of  mass  by  ileu»ity,  or  r  =  tn/6,  and  luiiM  is  thu  pixxluct  of  volume 
by  density,  or  m  =  M.  The  mass  of  n  oubic  ilpciraotor  of  iron,  for 
exampli^  is  1000  x  7»  or  7y«X>  grjvins.  If  (he  isubslnrici*  be  hoiuoge- 
neons,  the  density  ohtjiineO  a-s  ubovi'  is  its  iictuni  dciisiry.  If  imi, 
the  density  \&  the  toeAn  or  nverago  density. 

71.  Moment  of  Mofnentiiin. — The  indinHnt  (►!  a. 
iliret'tetl  quautity  has  alreiidy  bt^eu  detiued  yWJ)  lis  tli*^ 
product  of  the  quantity  into  a  length  iK^rpendicular  to 
ith  diieftion ;  and  the  moment  of  a  particle  moviuf<  with 
a  apeetl  k  iu  a  circle  of  radius  r  has  h*!eu  given  Jis  ?w.  In 
ujotinu  of  rotation,  it  is  ev-ident  that^iu  addition  to  maHS 
4ud  »pi^ed,  diHtauce  from  the  axis  of  rotation  is  an 
important  factor  in  the  expreHsion  for  the  anjouut  of 
molion.  And  since  the  moment  of  a  physical  quantity 
i)*  the  numerical  me*u*nre  of  its  importance,  the  moment 
of  the  momentum,  or  nwr,  measures  the  importance  of 
thiK  momentum  in  maintaining  rotjition.  Ejich  of  the 
particles  composing  a  rotating  body,  it  is  evident,  has 
itft  own  moment  of  momentum  mnr.  The  sum  of  these 
prodncis,  extended  to  all  the  particles  iu  the  body,  is 
2ini8r).  TliLs  represents  the  moment  of  momentum  of 
Ujm  entire  mass. 

KxAMCr.E!*.— ThiiT  (ho  cffoctiveiittiA  of  a  partiolo  for  inaiiitjiining 
ruUtioii  is  dtrootly  proportiooul,  not  only  to  its  miuss  and  to  its 
icpwvl,  but  aUo  to  itH  distance  from  the  axis  of  rotation,  is  well  illuy- 
ir?i*  -'  *'-  '*''^  rty-whoel  of  a  steam-migino.  This  is  a  largo  and  heavy 
mc  "d  to  the  shaft  and  driven  with  it,  which  i*  t'nit>Ioyi.Hl  us 

aij  I  r>f  the  ntotiou.     It  is  inajssive  in  siw;  and  ujutorial.  and 

it  *f  a  hiRh  h|MK'(i:  an*!  henco  its  inotueiituin  is  groat.     But 

ti>  M  is  conccnirated  in  iU  rim  ;  so  thai.  Ijoing  as  far 

an    ,  I    (ht«   axis,   it   shall    havo  as  lai'ge   a   iiiotnent  oC 

iiiiHiM'tttutn  wi  |)os(«iblt},  and  ishall  produco  the  maximum  tuminfc 

Eridently.  if  in  the  expression  mar  the  mass  be  unity, 
llie  value  «r  will  represent  the  moment  of  the  speed ; 
and  if  «  be  unity,  the  expression  mr  will  represent  the 
moment  of  the  mass ;  i.e.,  the  moment  of  momentum  of 
a  maiM  m  moving  with  unit  speed.  So,  similarly,  the 
pj  '  *  .I-  reprr^sonts  moment  of  angular  velocity,  and 
nr  "t  of  angular  acceleration. 
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715.  Moment  ol  Iiirrtla. — If,  in  the  expression  for 
momeut  of  moineutum  fnar,  we  replace  «  by  iU  valne  ojr 
(4:3),  the  uiomeut  of  augular  vfilocity,  we  Lave  fnr*co;  an 
expression  for  tJie  moment  of  momentum  in  terms  of  tlie 
angular  velocity.  If  we  call  the  product  of  a  directed 
quantity  by  the  square  of  a  distaikce  at  right  angles  to 
itself  the  second  momeut  of  that  quantity,  then  the 
al>ove  uiomcnt  of  momentum  mr'a)  is  simply  the  second 
momeut  of  mass  multiplied  by  the  angular  velocity. 
This  second  momeut  of  mass  mr'  is  called  thu  moment  of 
inertia.  It  is  generally  represented  by  /.  Evidently  if 
tn  be  the  mass  of  a  single  particle,  and  r  its  distance 
from  the  axis,  tlie  sum  of  these  second  moments  2(rni^ 
or  J/i'C')  will  be  the  secoml  numieut  of  the  entire  mass 
M;  and  the  momeut  of  momeutum  of  the  entire  mass 
will  be  2{mr')a>  or  Mco2{t^),  If  this  entire  mass  were 
collected  at  a  distance  k  from  the  axis,  the  moment  at 
inertia  remaining  tlie  same,  tlieu  the  expression  ^(r*) 
would  equal  k*,  the  moment  of  inertia  woulil  be  Mk\  and 
the  momeut  of  momeutum  Mk*a).  The  value  k  is  called 
the  radius  of  gyration. 

EXAMTM,K.— hi  the  ciiso  of  the  fly-whool  above  mentioned,  since 
its  motiou  is  rulalory  anil  llie  angulnr  velocity  is  i!ic  same  for  all  iU 
particles,  tho  momtmtiif  its  momentum.  i.R.»  the  numerioal  ineaaure 
of  tho  importaiieo  of  this  momentum  m  muintaining  tho  motion,  ih 
simply  the  product  of  its  lingular  vi-locity  by  tlie  aum  of  Iho  second 
moments  of  uvaas  of  nil  the  particles  which  it  coatnins. 

73.  OefiiiUion  of  Force.  —  Force   may   be   defined 

provisionally  as  that  wldch  produces  motion  or  prtjaa- 
uw,  So  far  as  we  at  present  know,  "  the  change  of 
motion  of  any  body  depends  partly  on  tho  position  of  j 
distaut  bodies  and  partly  on  the  strain  of  contJ^^nnusi 
bodies"  (Clifford).  H<^  that,  as  we  shall  see  subsei|nenfclT, 
what  we  are  accustomed  to  call  force  is  simply  the 
space-rate  at  which  energy  is  transferred  froni  one  bojjr ' 
to  another.  Hence  force  is  defined  by  Tnit  ns  '*  the 
measure  of  the  tendency  of  energy  to  transform  itaelf." 

74.  The  Ciiit  of  Fi>rce. — Force  is  measured  by  Uie 
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■mount  of  motion  which  it  produces  iu  unit  of  time, 
ut  amount  of  moiiou  is  moinenttim  ;  aud  hduce 


/  =  ms/f, 


[19] 


force  is  the  rate  at  which  momButum  changes  with 
^nit?.     Since,  however,  acceleration  is  tlie  rato  at  whioh 
*/«ed  ohauges  with  time,  or  a  —  «//,  the  expression  for 
■ferce  may  be  written 


/=:fm, 


[20] 


^tlie  form  in  which  it  is  nsuallj  given.  This  is  the  fuuda- 
B^xieutal  equation  of  dynamics,  and  states  that  the  meas- 
Vnare  of  a  force  is  the  j>roduct  of  the  mass  move*!  into  the 
B  «ftcceleration  produced  in  it  If  the  mass  be  unity,  the 
H  Sorce  is  proportional  to  the  acceleration  it  geuerntes  iu 
unit  lUASS;  and  if  the  a<rcelerat.inu  ho  unity,  to  tlie  uuxkh 
io  which  it  comiiuinicates  uuit  (iccelerHtion.  Since,  when 
vi  aud  a  ai'o  both  uiiity,  /  is  also  uuity,  the  unit  of 
(itrcG  is  define*!  as  that  force  which  generates  continually 
unit  acct^ieration  in  unit  mass.  The  dimensions  of  unit 
force,  therefore,  are  [MLT'^]. 

•X, — hi  tliu  C.  G.  S.  sysU-m  n  gram  is  tlie  unit  uinss.  ami 
*  '  [•  pcT  sucoud  |)er  bocuiuI  i*  tlju  uuit  nccelerutiou.     lleneo 

ihtt  0.  O,  S.  unit  of  force  is  thiit  force  wliicb,  aetiug  upon  a  gram- 
iDsiM  far  on«  sc'coiid,  will  ^tii^rate  iu  it  a  &\)wd  of  oue  centimeter 
Jfer  stM^nii     Thifi  unit  of  force  is  culled  a  dyne. 

75.  IiupuUe  of  a  Force.— The  impulse  of  a  force  is 
the  proiluct  of  the  force  multiplied  by  the  time  during 
which  it  Hct-15 ;  and  heuce  is  represented  by  ft.  Evidently 
til  pnuhicH  a  finite  acceleiatitm  iu  a  given  mass  requires 
f|-  »  *i-  f'lrce  shouhl  act  for  a  finite  intei'val.  M<»re.over, 
U.  .1   of  A  comparatively  small  force  for   a  long 

intervai  may  obviously  produce  the  same  effect  as  the 
action  of  a  proportionately  greater  force  through  a 
ciiuUler  interval.  Again,  since//  =  m«,  it  follows  that  an 
tIlADit4.'  variety  of  ft^rees  may  genprat^>  a   constant  mo- 

tiraes  during  which  they  lu 
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are  iavernelj  proportioual  to  tbe  maguitndeH  of  the 
forces.     The  unit  impulse  may  be  called  a  dyae-seconiL 

TO.  Neut«n'»  KiiWH  «r  Motion.— We  iiiiiy  now  eiina- 
ciate  the  three  laws  iu  whitrh  Newtou  expressed  the 
effect  of  forces  in  altering  the  motions  of  boilies.  **  The 
two  centuries  whicli  have  nearly  elapsed  since  he  first 
j^ave  them  have  not  shown  a  necessity  for  any  addition 
or  modification/*     (Thomson.) 

First  L*iw  of  Motion. — ''Every  body  continues 
in  its  state  of  rest  or  of  uniform  motion  in  a 
straight  Hue,  except  in  so  far  as  it  may  be 
compelled  by   force  to  change  that  state.'' 

The  truth  of  this  law  is  made  evident  by  the  well- 
kuowu  fact  that  whenever  any  alterutiou  takes  place  iu 
the  state  of  motion  of  a  body,  tliis  alterafciim  can  bo 
traced  to  some  action  between  the  body  itself  and  some 
other  body  ;  i.e.,  to  the  action  of  an  external  force.  The 
fundnmontal  priuci])le  which  underlies  this  law  is  the 
princi]>le  of  the  inertia  i»f  matter.  It  states  that  matter 
of  itself  has  u«»  power  to  cliunge  its  condition  either  of 
rest  or  of  motion ;  and  hence  tliat  wlieu  at  rest  it  most 
coutinuo  at  vest,  or  wlieii  iu  motion  it  must  continue  in 
motion,  unless  some  external  force  intervenes  to  chauge 
its  condition.  Both  motion  and  rest  are  e<pia11y  normal 
conditions  of  matter.  But  both  are  relative.  Bodies  at 
rest  with  reference  to  certain  points  are  in  motiou  with 
reference  to  others.  While  to  alter  the  condition  of  ii 
body,  therefore,  requires  the  actirm  of  force,  none  is  re- 
quired to  miiiutaiu  its  condition  constant. 

KxAUPi.RH. — Coinniori  cxperitniee  dot*  ii»t  Hcem  lo  accord  witli 
this  law.  The  normal  condition  of  innMc'r  se<*tns  to  W-  timt  of  reel; 
and  whilo  fopct^  Aeoins  to  itf  nt*iHl*Hl  to  pal  a  Ixxiy  in  moiioii.  none 
AootUtt  tube  rt'quirecl  tu  duatroy  Ihi.s  motion.  A  ball  rolled  on  tbe 
;fronnd  or  thri>wn  into  the  air  is  hroH/jht  upeodily  to  ri»t;  and  a 
railway  tniin  or  a  st^^nmboiit  rwiuirwi  (lir  tjontinuooB  action  i^f  tho 
at«iani  lo  maiiitnin  its  motion.  But  tliis  is  siniply  bt^cHiiHc,  tiiidor  tta« 
conditions  in  which  wn  liv(\  the  r«sistj»ni;i's  to  motion  are  nninrtvHif*; 
and  fnV'lion.  the  air-resistance,  etc.,  soon  destroy  it.     Ii  >n 

H>i  thi-ste  are  removed,  however,  the  inoii<in  fK^rsisw.     .\  ^^1 

on  n  smooth  floor  or  on  ice  mores  over  n  greater  dUtnnci'  boforo  it 
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stops;  A  Koiooib  and  well-Iubrioat«d  btiaring  Allows  the  wheel  a 
longer  ran.  S<>  that  wr  catinot  doubt  thiit  tht^  law  is  true,  mid  that 
if  we  could  reuove  all  iiupcdimento  Uj  Uiutioii,  ii  would  continue 
uniform. 

Sfcofui  Lair  */  Motion, — "Change  of  motion  is 
proportional  to  force  applied  anil  tukeu  place 
in  the  direction  of  the  Htraight  line  in  which 
th*^  force  acts."  Or,  as  Btatcd  by  Maxwell  iu  more 
modern  phnvneology ;  "The  change  of  luomeutnm  of  a 
liody  is  numenc4illy  equal  to  tlie  irnpnlHo  which  pro- 
duces it  and  is  in  the  uanie  direction." 

The  scope  of  this  law  appears  t-learly  from  the  fol- 
lowing paraphrase  of  Newtou*8  own  comments  npon  it: 
*•  If  »ny  force  generates  motion,  a  double  force  will 
generate  doable  motion;  and  ao  on  whether  siinulta- 
neonsly  or  succeHsively,  instantaneously  or  gra*iually 
applied.  And  this  motion,  if  the  body  was  moving  be- 
forehand, is  either  added  to  the  previous  motion  if  di- 
rectly cnuspiriug  with  it;  or  is  subtracted  if  directly 
oppoaed ;  or  is  geometrically  coraponuded  with  it,  ac- 
cording to  the  kinematical  principles  already  explained, 
if  the  line  of  previcns  motion  and  the  direction  of  the 
force  are  inclined  to  each  other  at  an  angle."  (Tliom- 
son  and  Tait.) 

Jliird  Law  of  Motion, — "To  every  action  there 
ia  always  an  equal  and  contrary  reaction;  or, 
the  luatual  actions  of  any  two  bodies  are  al- 
•Iways  eqnal    and  oppositely  directed." 

This  law  n)ay  l»e  called  the  law  of  stress.  It  teaches 
tt»  that  all  force  is  of  the  nature  of  a  stress  ;  i.e.,  that 
*•  fofve  is  Always  due  t<i  the  mutual  action  of  two  bodies  or 

iiem&  of  bodies;  that  every  force  in  fact  is  one  of  a 

ir  of  equal  opposite  ones — one  component,  that  is,  of 
a  fitresK — <*ither  like  the  stress  exerted  by  a  piece  of 
8tr>  '  '  'Lis  tic,  whiidi  pulls  the  two  things  to  which  it 
in  1  with  equal  force  in  opposite  directions,  and 

whieh  itt  called  a  tension;  or  like  the  stress  of  com- 
prMaed  railway  buffers  or  of  a  piecp  of  squeezed  India- 
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rubber,  which  exerts  au  equul  pu»h  each  way  and  w 

called  a  preMure."     (Lodge.) 

lu  the  lif^ht  of  Newton's  own  comments  upon  it,  the 
third  liiw  mny  lie  read  hh  follows :  '*  If  the  activity  of  an 
H;^ent  be  ineji.sured  by  its  anKtunt  aud  its  velocity  con- 
jointly ;  and  if  similarly  the  t'ountfir-tictivity  of  the  re- 
sisUince  be*  meanured  by  the  velocities  of  its  several 
parts  and  their  several  amouutH  conjointly,  whether  these 
arise  from  friction,  cohesion,  weight,  or  acceleration; — 
activity  and  (Tf>unter-activity,  in  all  combiuntions  of 
machines,  will  be  equal  and  opposite."  (Thomson  and 
Tait) 

KXAMri-RS.— IIIustrH(iun»  of  this  law  aro  abundant.  If  a  stone 
>t?  pri'ssocl  witli  the  fintcer,  llie  finger  is  prease*!  in  the  opposite  di- 
■cjction  and  with  the  same  force  by  the  stone.  Ahorse  drawing  a 
•anAl-)x)nt  or  a  tramcar  nnifomily,  or  a  Jocomorive  ihus  drawing  n 
train,  is  puUcd  backward  by  a  force  precisely  etpiid  !o  that  which 
it  exerts  forwiini.  Wlien  a  bullet  i»  finKl  from  a  jjtun.  I  he  amount 
of  motion,  or  mnmciUum.  of  thi*  bullet  forward,  is  exactly  equal  to 
the  nioinentuni  i>f  the  gun  backward.  The  sjtme  holds  true  when 
there  is  no  visible  connection  between  the  acting  U>dias.  The  force 
exerled  by  tht*  sun  u|)on  the  earth  is  precisely  the  sjime  a»  ihat  ex- 
erted by  the  earth  u|)on  the  sun.  The  force  with  which  a  maguei 
utlraelH  a  piece  of  iron  tH  exactly  equal  to  that  with  which  the  piece 
of  iron  attracts  the  magnet ;  as  Newton  himself  showed  by  floaiing 
upon  water,  on  the  same  light  board,  a  magnet  and  a  piece  of  iron, 
an(]  observing  Ihat  there  was  no  resultant  force  in  either  direction. 

According  to  the  second  law,  when  no  force  acts 
upon  II  bodj',  no  cliau^e  is  produced  in  itH  motiun. 
Hence  the  body  if  in  motion  will  continue  iu  motion,  and 
if  at  rest  will  continue  at  rest;  wliioh  is  the  Erst  law. 
Again,  by  the  third  law,  the  forces  acting  between  two 
different  parts  of  the  same  body  are  equal  and  oppoHite. 
If  this  were  not  so^  there  would  be  au  excess  of  one 
or  the  other;  and  this  resulting  force  wiiuld  produce 
motion  of  the  body.  The  possibility  of  this,  however, 
the  first  law  denies ;  since  a  body  cannot  move  except 
under  the  actiim  of  an  external  force.  Inasmuch,  there- 
fore, as  the  third  law  is  readily  d*Mlucible  from  the  iirstj 
and  the  first  in  like  manner  from  the  second,  it  is  evi- 
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*'*?ut  that  the  second  law  might  witli  propriety  be  called 
^"*'  law  of  motion. 

T7.  Mea»uri*nieut  of  Mumh. — The  second  law  gives 
^  the  meJiu^4  of  measunug  both  njusses  ainl  forces*.  It 
**^rt8  iu  fact  the  truth  of  the  formuhi  y7  =  ms,  which 
^-  have  already  used  Id  dofiniug  force.  Suppose  that 
^*^  equal  impnlses  (or  forces,  if  the  time  be  unity)  act 
Poii  unequal  niaHneH.  By  the  second  law  the  monien- 
'"*»  which  is  always  equal  to  the  impulse  whicli  pro- 
***'^ti  it,  will  be  the  same  iu  both  cases.  Hence  we  shall 
««v«. /„'. .«'..,'-  ^      That  is,  the  masses 


*i^ 


or  m  :  m 


inversely  proportional  ti>  the  speeds  generated  by 

'**^*^l   impulses.      Again,  suppose  the  masses  and   tlio 

*^4j  equal ;   then  dividing  tlie  equation   for    the  first 

^    ^©/jf  =  nut  by  tiuit  for  the  second  f'i  =.  m9\  we   have 

[*l*  ^'  ;:«:«';  or  tbe  forces  are  directly  proportional  to 

^  speeds  whicli  they  generate  in  equal  times  in  equal 

^^6sea     Again,  if  we  suppose  the  speeds  and  the  times 

^^"tafttAnt^  we  have  in  the  first  case  ft  =  ms  and  in  the 

^cond/7  =  m>;  whence/;/'  ::  m  :  m'.    Hence  we  see 

^^^at  to  communicate  equal  speeds  to  different  masses, 

*  le   forces  acting   must   vary   directly  as   tJie   masses. 

^^nii  conversely,  if  under  the  action  of  forces  unequal 

acquire  equal  speeds,  these  forces  must  be  ex- 

rilj  proportional  to  the  masses. 

ExAMPLBft.— Ii  is  a  matter  of  every -day  expcritiucL'  that  the  mus- 

-  rec|aiivcl  tr*  move  a  body  is  greater  the  larger  the  quan- 

.iter  in  thf*  Ixniy.     Wlir^n  innde  of  the  samo  aubstance  the 

of  tifjiliLM  are  proportioiiiit  U>  their  volumes,  and  heiico  the 

U  the  j^rc-rtter  the  liir;!;cr  the  body.    The  amount  of  liquid  in  a 

taak  U  roughly  itscertaintjd  ordinarily  by  giving  tho  cask  a  kick. 

samt*  force  which  wouh]  move  it  tlirough  a  considerable  distance 

empty  Would  MViriH^ly  alir  it  if  full.    Since  the  nmsa  of  a  br>dy  i» 

by  it»  density  x\n  well  an  by  \{%  volume,  a  small  body  of 

teriAl  may  have  a  greater  mass  than  a  large  body  made  of 

-Unce.     The  masses  of  several  botliea  of  exactly  (lie 

im»^  ■••'  asf'LTtained  easily  by  measuring  the  forces  required 

ni  the  =wme  amount  of  motion  in  the  same  time.     Thus, 

UP  spheivft  of  cork,  w(M>d,  iron,  and  gold,  respei-tivoly,  sus- 

iMtidwl   from  four  strings,  iifler  the  fashion  of   pendulums.     Give 

enrh  of  tbem  a  siiddou  knock  of  about  the  same  strength.     Clearly 
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the  cork  sphorv  will  be  driTeii  farthest,  the  otheni  goiitg  ovor 
tlistjuicrs  invpfscly  projwrtionnl  to  their  ma.sAcs.  Or  the  kiiook 
nuiy  bu  so  adjusted  as  to  drive  each  sphere  to  the  same  distance  from 
its  ])Ositioii  of  rest.  lu  which  case  thu  masses  would  bt*  proportional 
to  tlie  foriv».    This  \a  the  dynamical  iiietliod  of  tiieaj^uring  in;iss. 

78.  Eleiiienlti  ol*  a  Force, — lu  order  that  a  force 
luuy  be  completely  determiueil  it  is  ueceuBary  that  the 
foUowing  three  elements  of  the  force  be  knowu  :  Ist,  its 
phice  of  application  ;  2d,  its  direction  ;  H\n\  'M\  its  mag- 
nitude. 

\«t,  lis  Pluce  of  AppHvatiou. — Since  a  material  par- 
ticle occupies  space,  the  place  of  application  of  any  force 
which  acts  upon  it  must  be  either  its  surface  or  itB  Holid 
content  It  is  often  found  convenient  to  assume  a  cer- 
tiiiu  point  on  or  in  the  body  considered,  such  that  a  cer- 
tain force  acting  at  that  point  would  produce  sensibly 
the  same  efifect  as  that  actually  produced. 

'2if.  Its  Uirectwn, — The  second  element  of  a  force  is 
it«  direction.  The  direction  of  a  force  is  the  line  along 
which  it  acts.  If  the  force  l>e  ap])lied  at  a  point,  a  line 
drawn  through  that  ^>oint  in  the  direction  in  which  the 
force  tends  U^  move  the  body  is  the  direction  of  the 
force. 

ikh  Its  Maguiiiult. — The  thli'd  element  ijf  a  force  is 
its  innj^nitude.  The  magnitude  of  a  force  is  the  number 
of  units  of  force  contained  in  it.  In  the  C.  (J.  S.  system 
tlie  nuignitude  of  a  force  is  measured  in  dynes. 

70.  CoiiipoHition  and  Kesiiliitloii  of*  Forces. — Since 
a  force  is  a  directed  ([uantity  or  a  vector,  it  may  be  com- 
pletely represented  by  a  line ;  the  extremity  of  tlie  Hue 
being  the  point  of  application  of  the  force,  the  direction 
of  the  line  the  direction  of  the  force,  and  the  length  of 
the  line  tlie  magnitude  of  the  force.  Hence  forces  may 
he  compounded  and  resolved  in  the  same  way  and  upon 
the  same  principles  as  the  vector  qnHntitie.s  already  con- 
sidered ;  namely,  motions,  velocities,  and  accelerations. 

This  conclusion  is  readily  deduced  from  llie  second 
law  of  motion.  "  Since  forces  are  measured  by  the 
changes  of  motion  they  pnxince,  and  tlieir  direction  aa- 
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signed  bj  the  directiou  in  which  these  chauges  are  pro- 
duced ;  ikud  since  the  cliaugeK  (if  motion  of  cue  and  the 
name  body  are  in  the  directions  of,  and  proportional  t<^i, 
the  fhttu>;eauf  velocity, — a  single  force  measured  by  the 
ret^ultaut  change  of  velocity,  and  in  it»  direction,  will  be 
tlie  equivalent  of  any  number  of  Himultaneously  acting 
forces/'     (ThoniKon  and  Tait.) 

The  resultant  of  tA^o  forces  acting  upon  a  point  may 
therefore  ho  found  from  the  parallelogram  or  triangle  of 
f orc-«?8 ;  and  that  of  several  forces  so  acting,  by  the  poly- 
f^u  of  forces,  in  preciuely  the  name  manner,  either  bj 
<^oustrnction  or  calculatinu,  as  the  resultant  of  two  or 
more  velocities  under  the  same  conditions  was  obtained 
in  the  chapter  on  Kinematics  (36). 

EXAMPIJSH.— Thus,  To  oltiniti  ilio  rostiltnnt  of  hovitaI  forces  in  one 
ilUS  by  cODstruotlon  :  "  Draw  a  tsH  of  liiu-H,  um*  after  the  other, 
irithout  takinf^  the  pen  o(T,  p<nntlU>l  to  and  in  the  same  ftense  iia  the 
Wccawivo  forces  acting  ou  tht*  body,  and  proportional  to  thoni  in 
tude  ;  then  the  line  rw|uired  to  complete  the  polygon  tj»ken  in 
tii«  rerrrse  sense,  i.e.,  drawn /Vohi  the  starting-point,  will  l)e  the  re- 
Aoltant  in  magnitude  and  direction.'     (Lodge.) 

Analyticnily  the  resultant  of  two  fon-os  may  be  found  from  the 
*<|UAtio«  H*  =  P*+Q'  +  2PQ  cos  it,   where  k 
^wp^w*<;Mt^  ilit.-  rvsultimt  iind  A'und  Q  the  c<im- 
pooent  fon'PA.  ti  being  the  angle  lietween  their 
dkrection.H.    From  ihts  equation  the  magnitude 
H  *»  directly  ubtained.     In  the  triangle  (Fig. 
t9),  who«e  side«  are  P,  Q,  and  Rj  the  angle  a, 
supposed  given.  i»eqaa!  to  /S-^-y  ;  and  '5  =  180'* 
— (,^+^)  =  180''  — *i.      Hence,  aineo   the  sides 
of  Ik  triangle  are  proportional  to  the  sines  of  the  opposite  angles, 
we  hftVr  sin  A  ;  sin  A  ::Q  :  H.     This  gives  the  angle  fS  which   tho 
rwultaul  H  make*  witli  the  force  P. 

i>r  tbr  forers;  niuy  In?  n^otved  along  co-ordinate  axes,  and  the 
nsaltanl  of  two  or  more  forces  found  from  those  componentM  in  the 
QMioer  de»ori>)ed  for  the  compounding  of  motions  aiitf  velocities 
00), 

II  cbooM  be  noted  t)iat  the  formula  H^-F"  +  Q'  -^  2PQ  cos  a 
Is  abaatotelf  general.  For  example,  if  the  two  forces  /'  and  Q  are 
v«|aal,  the  forraola  b(?comeri  if  =  2P*  +  2P*  cos  a  or3i="(l  +  cos  »»> 
=  4i^  cos*  ia  :  whence  H  =  'iP  eos  ia.  If  .r  =  0.  the  forces  act 
•long  till?  snnu'  line,  wh  ^a  =  I.  and  they  arc  lioth  positive.  Hence 
A  =  'iP,  or  the  resultant  is  the  arilhmeUcHl  sum  of  the  components. 
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\f  a—  IdO*.  COS  ia  =  0,  and  72  —  0  ;  or  the  rt^ultaiii  is  the  dtfTt^r- 
(•HOC  of  ibe  components.  If  tbo  forces  are  not  ixiual,  tbeu  in  ibe 
Unit  case  ii  =  /*  +  V.  ^^^^^  '"  *'**•'  second  R=  P~  Q,  If,  in  the  gen- 
i*nil  fonnula,  ir  =  90*,  cos  a  =  0.  and  the  co[n|>onents  being  at  right 
niiRles,  W  =  /"  +  ^.  If  now  the  com|X)nent  forces  Ije  equal,  the 
resultant  is  P^^a  in  magnitude  and  is  indint'd  45*  lo  each  com- 
ponent. Consequently  wbenover  the  forces  are  eqnal  the  n-siiliflni 
liisQCts  tbe  angle  between  them. 

HO.  Action  ot*  Force  in  profliii'iiifjr  Kotftti»ii.— Mo- 
nioiit  of  a  Foro4'. — When  u  force  acts  ou  a  parti^'le,  it 
)»]'o(luce8  motion  of  trauslation  only.  Wlieu  a  force 
acts  npi>u  a  rigid  body,  however,  it  may  prodace  l>oth 
translation  and  rotation,  according  to  the  number  of  de- 
^ecs  of  freedom  of  the  body  (45).  If  two  jwiuts  be 
lixod  within  it,  the  body  h»i8  only  one  de^^ree  of  fr*^e- 
doni,  and  can  only  rotate  alxnit  a  line  drawn  through 
these  points  as  au  axis.  The  effect  of  a  force  iu  pro- 
ducing rotation  depends  not  alone  upon  the  iuipulne  nf 
the  force,  i.e.,  the  product  nf  its  nia^^nitude  by  the  time 
during  which  it  acts,  but  also  upon  the  diHtance  of  itA 
point  of  application  from  the  axis  of  rotation.  Hencft, 
calling  this  distance  a  the  effect  of  tbe  force  is  measured 
^^y/^^'r  which  may  be  called  the  moment  of  the  impulse 
(40).  If  the  angular  velocity  produced  be  a),  the  an- 
gular momentum  or  the  moment  of  momentum  gen- 
crated  will  be  ^(mr^)a)  or  ^{mrn)  (72).  Hnt  this 
moment  of  momentum  must  be  equal  to  the  moment  of 
the  generating  impulse.     Hence  we  have 

frt  =  ^(mr*)**? ; 

oar,  calling  ^(mr*),  the  moment  of  inertia,  /, 


Since  w,  the  angular  velocity,  is  equal  to  a^  the  produoi 
of  the  angular  acceleration  and  the  time,  we  may  write, 

Angular    acceleration  =  a  = -^  ^  '""'^«'^L.i"'*f.. 

/        moment  of  inertia 
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axukiogoQH  to  the  equation  for  trautilutory  acceleratioia, 

,      ^.  /         force 

m        inertia. 

81.  Conipo«ittoii  au<l  IU*Nolutiou  of  Parallel  ForrcK. 

-When  seAeral  forces  act  on  a  rigid  body,  they  nuiy 
hare  a  common  point  of  application,  or  each  of  them 
tnav  have  a  separate  ]»oiut  of  application.  Since,  li<^w- 
evar,  forcea  in  one  plane  whose  directions  are  not  parallel 
must  internect  if  produced,  and  since  each  of  the  forces 
may  be  transferred  alon^^  its  line  of  action  to  the  point  o) 
iuteraectiou,  non-parallel  forces  acting  upon  dilTereut 
poinia  of  a  body  may  be  compounded  from  the  point  ol 
intersection  according  to  the  methods  alrea<ly  described 
(79).  There  remains  then  only  the  case  of  ]>arallel 
foroea.  The  resultant  of  a  number  of  parallel  forces 
acting  on  different  points  of  a  rigid  body  is  in  magni- 
tude equal  to  tiie  algebraic  sum  of  the  forceSj  and  lias 
the  direction  of  tlie  greater.  As  to  its  point  of  applica- 
ticin,  this  may  be  found  when  the  tw«i  forces  are  like 
or  have  the  same  sense,  i.e.,  act  in  the  same  direction, 
hy  the  fi>llowing  construction : 


1 


Compound  the  two  pRrHllcl  fDrcc^  Pand  Q  (Fig.  80j  Koliug  at  A 
um)  B  with  the  two  e()(ial  and  opposite     .  ^ 

foroM  AM  and  it.Vnrting  on  thn  same 
po4nliL  The  ro^nltnnt  f\t  PiwmX  ,-4.1/ will 
bt*  AC\  tha(  nf  (^nml  Ryf  \\'\\\  bn  RD, 
Let  S  be  their  poiiil  of  intersection. 
Now  at  S  resolve  Bl)  and  AC  into  eom- 
pci)«nt»  pArnUtfl  to  Pand  Q  hiuI  Xo  AM 
•ml  HM  Ttipn  iit  E  wr  shall  havf  (a) 
tn  ixJ  MpjKihile  components  iMtrallel  to  ^^  which  may  be 

Tr  1  lire  their  resultant  is  zerf) ;  and  (A)  two  components  pnml- 

1d  10/*  and  Q  and  cacti  equal  ti»  one  of  these  forces  in  inngnitnde. 
Tile  n'AiilL-iiii  of  these  latter  components  is  evidently  their  sum.  and 
tl,  -It  is  Applied  At  the  ]>oint  M.     But  Hince  a  force  may  be 

lr«n>i<  if  <i  to  AnjjKiint  on  its  line  of  action,  the  place  of  application 
of  tlie  rosultant  nf  P  and  Q  is  the  point  F,  where  a  line  driiwn 
tln>fUf;)i  E,  parallel  to  the  dit^-etions  of  P  ;eul  V,  onts  the  line  AB. 
FH  U  thcrefoiv  the  resuhant. 


11 
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A  similar  uonstraction  may  be  employed  when  Che  forces  am 

E^.^  unlike;    Le,,   are  of  contrary 

I   ^^J"*"""*--,^  Bense,  as  /*  and  V  in  the  fig- 

'*■"-?:.;:- -tQ  ure   (Fig.   31).     Compouading 

'""-In  Q  with  flj/we  have  Bl);  and 


1 


Ml 


V  I  from  P  uuu  AM  we  have  AC, 

**-.   I  Prodncing  these  resultant  di- 

.Vj.  reotioiis,  they  intersect  at  IC; 

f*'"  3^"  from  which  dniwinjc  BH  fiaral- 

lel  to  AP^  we  have  ^7i  n^  the  resultant. 

It  will  be  f»lmerve(l  (1)  tLat  the  point  of  application  of 
the  resultiuit  lies  between  the  points  of  applioatiou  of 
the  cora|Mineut.s  when  the  forees  liave  the  same  sense  ; 
(2)  that  it  is  outside  these  points  on  the  line  joiniu); 
them  when  these  forces  aie  of  contrary  sense  ;  and  (3) 
that  in  both  cases  it  is  nearer  to  the  greater  force.  In  gen- 
eral the  point  of  application  of  the  resultant  divides  the 
line  joining  the  forces,  or  this  line  produced,  into  seg- 
ments which  are  inversely  proportional  to  the  magni- 
tude of  the  forces.  In  all  cases  /-*  :  Q  ;:  AF:  Bt\ 
Hence  the  resultant  is  completely  determined. 

82.  Ef|iial    and    Unlike    Parallel    ForceH.— Coiipleiu 

■ — One  case  f»f  great  iniporttince  remains  to  V>e  provided 
for.  If  the  two  unlike  forces  are  equal,  then,  in  the  con- 
struction given  above,  the  diagonals  AC  antl  HI)  of  the 
parallelograms  will  1^  parallel  and  therefore  can  inter- 
sect only  at  intiuity.  Hence  such  a  i>ttir  of  parallel 
forces  can  have  no  resultant.  Taken  together  they  con- 
stitute a  couple,  and  their  only  effect  is  to  produce  rota- 
tion. The  efficiency  of  a  given  couple  in  produciu}; 
rotation  is  proportional  to  the  magnitude  of  either  trf  the 
forces  niulti]>lied  by  the  perpendicular  distance  botween 
the  forces ;  this  distance  being  called  the  arm  of  the 
couple,  and  the  product  the  moment  of  the  couple.  Ob- 
viously the  mon»eut  of  a  couple  about  any  point  is  inde- 
pendent of  the  position  of  that  point.  The  axii  of  n 
couple  is  a  Hiie  jn^rpendicular  to  the  plane  of  the  couple 
whose  magnitude  and  direction  represent  respectively 
the  magnitude  of  the  moment  and  the  direction  of  rota- 
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lion.  If  tLe  plane  of  the  couple  be  horizoutal,  nnd  tlie 
•lirection  of  rotation  is  conuter-clockwise  or  ix>8itive. 
tbe  axifl  of  the  couple  riseH  above  the  plane  ;  falling  be- 
low it  if  the  rotation  is  negative.  Since  a  couple  is  coni- 
pletf«]y  represented  by  its  axis,  couples  may  be  coni- 
|M>nutleil  and  resolved  with  reference  to  their  axes  in  the 
M«ine  manner  aa  forces  and  velocities  may  be  with  refer- 
ence to  the  lines  which  directly  represent  them. 


Section  III.— Statics, 

Hil,  EqiiiUbriiiiii. — Ah  already  stated  (68)  Statics  in 
that  branch  of  Dynamics  which  investi^^ntes  the  actifni  of 
force  ill  main  tain  in;^  bodies  in  etpiilibrium.  If  but  one 
furce  act  upon  a  rigid  body»  the  body  must  move  and 
tbii^  in  the  direction  in  which  the  force  acts.  But 
if  several  fi>rces  so  act,  these  forces  may  be  so  distrib- 
uted as  not  to  affect  the  condition  of  tlie  body  in  any 
way  whiittiver.  Since  b»ith  motion  and  rest  are  equally 
normal  conditions  of  matter,  matter  is  said  to  he  in 
e^juilibrinm  when  no  change  is  going  on  in  its  condition. 
Matter  in  motion  is  in  equilibrium  when  its  acceleration 
in  xero.  Matter  at  rest  is  in  equilibrium  when  the  re- 
Bultaut  of  all  the  fnrces  acting  upon  it  is  zero.  The 
conditions  of  etjuilibrinm  then  are  simply  the  conditions 
under  which  acceleration  v^  impossible  ;  or  those,  in 
othrr  words,  under  which  rest  is  jiossible. 

KiAJiru:H.— Thus  a  Uxik  lying  upon  a  tnblt*  Xh  in  a  state  of  ittatio 
v<lttllibrium,  «iuoi!  the  foruo.s  nellng  upon  it  nro  liAlaiu?<Hl  and  tlu'ir 

tbuit  ia  zew.  A  bucket  (leftcendinji  into  a  well  with  constnnt 
is  in  »  8tul«  of  Vinctio  eqitilihrimn,  Ix^ciiiifif  Binof  iLs  apeo*!  is 
wnstaiu.  it*.  tWMch'rntioii  i^  wm-o. 

H4.  ConclititMis  uf  Kqiiillbrfiim  of  u  Partielo.— The 
csottdition  of  equilibrium  for  two  forces  which  act  upon 
a  particle  is  only  that  their  resultant  shall  be  zero. 
For  this  to  be  true,  it  is  necessary :  1st,  that  the  two 
forcet)  be  equal ;  2d,  that  they  act  along  the  same  straight 
lij).  '  ;!d,  thnt  their  directions  lie  opposite.     But  this 

pi  I  u  may  be  readily  extended  to  any  number  of 

forces,  since  iu  order  for  them  to  have  a  zero  resultant. 


so 
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it  28  necessary  onlj  that  the  resaltaut  of  certaiti  of  tho 
forces  be  eqnnl  and  opposite  U»  that  of  all  the  rest.  If 
the  forces  he  three  in  number,  for  example,  one  of  them 
mast  evidently  he  et^uiil  and  op)>oKite  to  the  resnltant  of 
the  other  two.  Hence  two  of  the  forces  must  meet  in  a 
jM»int,  tlirough  which  their  resultant  pasHeK.  The  third 
must  evidently  lie  in  the  same  plane  with  the  others, 
must  act  ou  the  .san:ie  point,  and  must  be  equal  iu  ma^*- 
uitudo  and  oppttsite  in  direction  to  this  rcKultant.  But 
this  is  equivalent  to  saying  that  for  three  forces  to  be  in 
equilibrium,  it  is  neccsHarv  only  that  the  three  forces 
represent  iu  magnitude  and  direction  the  sides  of  a 
closed  triangle^  taken  iu  order.  On  the  same  principle 
any  numbi^r  of  forces  acting  on  a  particle  will  keep  it  in 
equilibrium  if  these  forces  can  be  represented  by  the 
sides  of  a  closed  polygon,  parallel  to  the  several  forces 
and  taken  in  order.  We  have  already  seen  (79)  that  in 
an  unclosed  polygon,  whose  sides  are  parallel  (or  j»er- 
]>endicular)  to  and  proportiouul  to  a  number  of  forces^ 
the  *)ppn  si<lp  drawn  from  the  initial  jmint  represents  the 
resultant  of  all  the  forces.  Consequently  if  the  open  .side 
be  drawn  to  the  initial  point,  it  represents  a  force  equal 
and  opposite  to  the  resultant.  Since  no  line  is  required 
to  conjplete  a  closed  p<dygon,  the  system  of  forces  it 
represents  has  no  resultant. 

E-XAMPLES— Tliris  iho  two  equnl  forces  OS  muI  t)U  (Kikt.   it3> 

acting    rui    I  lie    j^HiMiclt*   n   \n 


i 


s^ 


op|XMite  (lirwIioiiH,  will  ninin- 
tnii)  it  in  t'(|uilil>riuni.  And 
tito  tlirtf  foi-ws  OP,  OQ,  anil 
OS  will  also  havit  a  vjf^va  iVjiuH> 
ant  if  OS  bfi  opprtsileuiitl  nqniU 
to  0/?.  tho  rp.*nltnnt  of  OP 
and  OQ.  The  above  conditiona 
of  («iuilibriniii  firo  hoiv  fulfiHwi 
Riiiee  the  fnrooR  may  be  reprcMMtted  in  niiignitudo  and  illri'otidtt 
by  OP,  PR,  and  HO,  I  he  three  sides  of  tlie  triangle  iiPH,  Ijtken  In 
order. 

Another  criterion  of  equilibrium  may  also  l>e  men- 
tioned.   If  several  forces  act  upon  a  pjirticle  and  these 
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>rce8  be  resolved  along  any  three  utraigljt  liuen  iiot  in 
te  pl^ne,  the  particle  will  be  iu  equilibriutu  if  th4  sum 
o(  tbe  coinponent  portious  along  theue  lines  is  equal  to 

85,  Conditions  oX  Equilil»riuiu  of  a  Ri(iri<l  Bod>. — 
Vitttler  the  conditions  named  above  uo  motinu  of  transla- 
^<>u  ia  possible ;  but  if  the  forces  act  upon  a  rigid  body 
tbere  may  still  be  motion  of  rotation.     In  order,  there- 
fore, Ihut  there  should  be  no  rotatory  motion  additional 
*^«>tlitioD8  are    required.     The   most  general  contlitiou 
tor  no  rotation  is  that  the  moments  of  all  the  forces 
about  ^very  possible  point  or  axis  of  rotation  shall  have 
7*?' I  for  their  algt^hraic  sum.     If,  however,  we  limit  the 
*wiioii  of  the  body  to  one  plane,  and  if,  at  the  same 
^'^ufe,  tluH  bt?  the  ])lauo  in  whtch  the  forces  act,  it  is  ob- 
UiiiisIt  quit*?  sufficient  iu  order  to  maintain  the  body  in 
^nnilibrium  (1)  that  there  be  no  resultant  force  along 
"".^  two  intersecting  straight  lines  drawn  in  this  plane, 
"*'"f2)  that  the  algebraic  sum  of  the  moments  round 
*V  Point  in  the  plane  be  equal  to  zero. 

Section-  IV.— Fbiction. 

^^.  Iteiictioii   of  Surliness  in   Coiifact.^Whonover 

^^  plane  Kurfaces  of  two  bodies  are  in  contact,  these 

'*'*^^^4^e€  being  inclined  to  the  horizontal,  a  strcHs  exists 

»*tw6en   them*  and   the  upj>er  surface  presses  on  the 

iowei  with  a  force  which  is  proportional  to  the  weight 

^^  Vhe  npper  body.     At  the  same  time  the  lower  surface 

Teiicts against  this  pressure  ;  so  that  when  in  equilibrium 

ti^Q  downward  action  dne  to  the  weight  of  the  body  is 

*x»ct!y  equal  to  the  upward  reaction  of  the  lower  sur- 

t*^  fte  direction  of  these  two  opposite  forces  making 

^  ^({le  with  this  surface.    Resolve  now  the  reaction  of 

tbrlowpr  surface  into  two  components,  one  perpendicu- 

'w  to  this  surface  and  the  other  parallel   to   it.     Tlie 

'"Hnor  component  is  called  the  pressure  and  the  latter 

^'    '  '    ;      <  11    tlje   surfaces.     If    the   last-named 

lit,  the  surface  is  said  to  be  mooth  : 


tt 
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a  smooth  Burface  being  detiiietl  as  a  surface  capable  of 
exerting  preHsuie  uimuj  another  surface  only  m  a  normal 
direction.  Ordinarily,  however,  both  compoueDtH  are 
present  and  the  surface  is  said  to  be  rough ;  a  rongli 
surface  being  one  capable  of  exerting  pressure  in  other 
directions  besides  the  normal  one.  Evidently,  a  smootb 
surface  oifera  no  resistance  to  motiou  along  it.  But 
such  a  surface  iw  unattainable  in  practice  ;  ami  hence 
everj'  actual  surface,  even  when  most  highly  polished, 
must  be  considered  a  rough  surface,  since  it  exertn 
presHure  in  other  directions  than  the  normal  one. 

87.  StHlical  Friction. — A  body  at  rest  upon  a  plaue 
surface  is  so,  obviously,  because  the  reaction  of  tL« 
plane  upon  it  is  equal  in  magnitude  and  opposite  in  di- 
rection to  the  resultant  of  all  the  other  forces  acting  on 
it.  If  the  plane  be  inclined,  the  component  of  its  weight 
acting  down  the  plane  is  balanced  by  the  component  of 
the  reaction  of  the  plane  itself,  parallel  to  the  plane,  xihI 
acting  up  the  plane ;  i.e.,  b}'  the  friction.  So  that  iit 
general,  whenever  force  is  applied  to  a  body  to  slide  it 
along  a  surface,  a  resistance  is  developed  acting  in  the 
ccmtrary  direction  and  tending  to  prevent  the  motiam. 
This  resiHt4ince  is  called  friction.  So  long  as  the  body 
does  not  move,  the  friction  developed  is  exactly  equal  tii 
the  acting  force.  Bnt  as  the  latter  increases  in  valaeig 
it  finally  overcomes  the  friction,  whicli,  having  reaidiwl' 
a  maximum,  can  increase  no  more.  The  resistance  tu 
be  overcome  in  starting  a  body  fi'om  rest  is  calliMl 
statical  friction. 

88.  Coeflicicnt  of  Friction. — Before  motion  actnallr 
takes  place,  the  statical  friction  actmiUy  developed  is 
only  that  retpiired  to  balance  the  acting  force  and  to 
prevent  the  motion.  At  first,  as  the  force  increaseA,  the 
friction  increases  with  it;  but  as  there  is  a  limit  to  Uh» 
friction  which  can  be  thus  called  out,  this  limiting  t'alud 
is  finally  reached  and  the  body  slides  along  the  surfaoe, 

ExAKPLES.  — Place  II  w(to(Ien  block  on  a  planed  boHrd.  When  the 
board  is  borizontnl  (Fi^.  88)  observe  that  Ihe  reaction  It,  whicb  U 
wholly  vertionl,  is  therefore  per|>endivtilHr  to  the  surfiicu.     If 


DYNAMICS, 


88 


the  board  be  inclined,  the  reaction  is  no  longer  poiTMindieular  to  the 
sarface,  and  a  component  F  of  the  reaction  is  developed  (Fig.  34) 
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lei  lo  rbe  mirface  and  acting  to  prevent  Alidiiig.    This  is  the 
m-component.     As  tho  angle  of  the  plane  increases,  the  fric- 
tloo-eomponeiit/^  increases  and 
I  the  preasure-oomponeni  P  de- 
<Fig.  85 1.      Hence  F  = 
Wm\  iM  and  P  =.  W  cos  a,  and 
F'P  =  tan  a.    Now  experiment 
•lat  for  every  two  8ut>- 
in    conUct,    one    will 
to  slide  utK>n  the  other 
'wbeoeter    the   an^lt*    cx,    and 
lliprefore  the  ratio  F/P,  attains 
n  t<rrt«in  value  :  the  weight-component  down  the  plane  overbalancing 
Anallr  the  fricfion-comiKment  of  tho  reaction. 

This  limitiug  value  of  the  ratio  of  tbe  frictiou-tiom- 
{Mnont  Htong  the  plane  to  the  preHsure-compoueufc 
pi*rp**ndicnlar  to  it  is  called  the  coefficient  of  friction  and 
in  generally  repreHented  by  ja.  It  lividently  depends 
npoti  th*^  natnre  of  the  mibntances  whose  surfaces  are  in 
Aviutact,  and  it  i8  found  to  be  independent  of  the  size 
and  nhape  of  thesp  surfaces. 

8tt.  Aniilr  of  Itt'pose. — Whenever  a  body  is  jtlaced 
wn  M  plaiiO  surface  and  the  surface  is  gradually  inclined, 
an  atigli^  of  inclination  is  finally  reached,  Jis  we  have 
MOf7!tt«  when  the  body  begins  to  slide  ;  this  angle  depend- 
ing on  the  ronfticient  of  friction  //.  8iuce  fj.  ■=  F/P,  we 
bare  Avidently  F=  ^P;  so  that  the  limiting  value  of  F\ 
or  the  friction,  is  the  product  of  the  coefficient  and  the 
prwwiire.  Since  /i  is  coustaut,  while  F  iucreases  and  P 
ilecreasen  with  the   angle  of  inclinatioD,  this  limiting 
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value  ia  readily  reached.  luasmuch,  however,  as  ;i  = 
F/P  =  tan  rt.  the  limiting  value  of  F  =  P  tan  a,  and  the 
angle  at  which  sliding  i^  just  about  to  take  place  is  the 
angle  whowe  tangent  is  F/P.  But  the  angle  of  iuclina* 
tion  of  the  plane  is  equal  to  the  angle  which  the  reactitm 
of  the  plane  makes  with  its  uoruiul.  Hence  when  the 
tangent  of  this  latter  angle  is  equal  Uy  the  coeiMcient  of 
friction,  sliding  is  just  about  to  begin.  In  conseqnenco 
tliis  aiighi  is  called  the  limiting  angle  of  friction,  or  the 
angle  of  repose. 

COKFFICIENTS  OF  FRICTION  (Moniw). 


C'c>i.'f.(Statfcftl). 

Steel  on  Glass  (polished) 0  11 

Marble  on  Marble  (polished) 0*16 

\Vn»ught-iron  on  Brass 017 

Steel  on  Ciust-irnu 0*20 

Marble  on  Birch   0'44 

Oak  on  Oak  (fibres  parallel) 0*48 

Wrought  iron  on  Oak  (fibres  parallel)  0*62 
Birch  on  Birch 0*64 
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OO.  An(flc  of  Rosistaiict*. — Let  a  body  of  weight  i¥ 
be   placed   ou   a   horizontal  surface  (Fig.  36),  and  let 

traction  be  applied  to  it  bv 
means  of  a  cord  passing  ore 
a   pulley  and   supporting 
weight  F.     In  this  case  w 
have    two    forces    at    rz|^ 
angles  acting  on   the  body 
its    weight    producing     the 
pressure  P,  and  the  tractio 
F;  and  by  the  parallelogram 
of  forces  F/P  =  tan  «r  =  ^ 
Hence  the  line  of  action  of  the  resultant,  and  of  course 
the  direction  of  the  actual  reaction  also,  will   be  the 
diagonal  of  a  parallelogram  of  which  F  and  P  are  the 
aides.     Calling  T  this  reaction,  we  have  from  U»e  iiguro 
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P=  T'coa  it  and /'=r  sin  a.  Evidently,  therefore, 
the  l>4»dy  will  uot  Hlide  uulesH  the  tiiugeut  nf  the  tingle  at 
Kvtween  the  resuitaut  and  the  perpendicular  to  the 
-iirfftce  be  j^reater  than  the  ratio  F/P  or  fA.  Wheu 
Uu  It  =  F/P  or  ;i,  the  aiifcle  a  1ms  itn  maximum  or 
Huiitiug  vala^:  'irnl  It  is  theu  called  the  linutiug  angle  of 
resistance. 

In  t%  similar  way,  if  a  rod  AB  be  made  t*>  exwrt  force 
upon  the  top  of  tlie  block  C  represeutii^d  iu  the  figure 
I  F\^,  37),  and  this  rod  be  gradually  iucliued  to  the 
vtrticnl,    a    component    of     the 

^forc©  will  \wi  devehiped,  ficting 
ill  more  C  along  the  plane  D\ 
tliu  CMtupoueut  being  autago- 
Ikufied  by  the  friction  bt^twt'cn  the 
pnrfaces  up  to  a  certain  point  ^| 
tVhen    this    point    Ih    rearhed,    ,  I  r*    '     i  < 

thi!'    component    of    thf    force  ipjo.  s?. 

»4;t]ng  along  the  plane  to  move 

tho  block  in  exactly  equal  to  the  friction ;  and  the  angle 
nuule  by  the  rod  ulfli  the  vertical,  which  is  also  tliat 
IDA4I19  by  the  direction  of  the  reaction  with  the  vertical* 
ia  the  angle  whose  tangent  is  the  ratio  of  the  horizontal 
component  of  the  f*)rce,  or  its  equal  the  friction  F^  to 
tiio  vertical  component,  or  its  equal  tlie  pressure  P\  i.e., 
is  a  wheu  tau  a  =  F/P  or  ^.  In  thin  case  uIho,  01  m  the 
limiting  angle  of  resistance.  If  the  force  T  exerted  by 
the  rotl  be  reHolved  along  the  surface  and  perpendicular 
tn  it,  7*  Hin  a  will  represent  the  sliding  component,  and 
T  con  flr  the  prexanre-conaponent.  If  the  ratio  of  these 
^Drapouenta  be  less  than  }a  or  be  equal  to  it,  i.e.,  if  the 
ilidtng-coroponent  be  equal  to  or  less  than  /i  times  the 
|frB«fiure-coniponent,  there  will  be  no  sliding. 

If.  under  the  conditions  shown  in  the  figure,  force  be 
c^xert4jd  in  the  direction  of  the  arrow  ten<ling  to  slide  D 
iipon  the  anrface  FE^  it  is  evident  that  the  block  6',  and 
r  [t*  end  of  the  rod  fi,  will  be  pushed  in  the  same 

»!.:  ;  and  further,  that  if  the  rod  bt»  fixed  at  A^  a 

great  pressure  will  be  produced  on  C  tending  to  prevent 
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auy  iiiotiou.     Such  a  device  as  this  is  called  a  friction- 

91.  liiiietloal  FVirtfoii. — £x|>ei'iineut  sbowa  that  tbe 
force  required  ti>  niaiutaiu  a  body  iu  luotiou  im  lesH  than 
tbat  required  to  start  it  orif^iimily ;  and  beuce  that  tbe 
coeflicieut  of  kinetical  friction,  k,  or  tbe  ratio  of  tbe  reiiiht- 
ance  to  the  pressure  experienced  by  a  bod}-  actually  in 
motion,  is  less  tbau  the  coeflicieut  of  statical  or  starting; 
frictiou,  ;i.  Moreover,  surfaces  in  motion  relatively,  may 
Hlide  upou  or  roll  over  eacb  other;  whence  kinetical 
frictiou  may  be  of  two  sorts,  sliding  frictiou  and  rolling 
friction,  the  latter  l>eiug  much  tiie  smaller.  The  value 
of  K  iu  general  has  been  found  to  be  for  metal  u|>ou 
metal  about  018,  for  wood  upou  wood  about  IK^Ci,  uud 
for  wood  upon  metal  about  0*42.  By  the  use  of  lubri- 
cating materials  the  frit-tiou  is  greatly  rtMluced  ;  these 
coeflicients  being  diminished  by  tbe  use  of  talli»w  iu  the 
values  009,  0*07.  and  008,  respectively. 

«2,  LawH  of  Friction — The  laws  of  frirtion  hare 
been  obtained  solely  by  experiment.  As  usually  given, 
they  are  three  in  number,  as  follows: 

Ist  The  friction  is  directly  proportional  to  the  normal 
pressure  between  the  surfaces  iu  contact;  and  is  equal  to 
this  pressure  multiplied  by  the  friction-coetticieut. 

2d.  The  frictitm  depends  only  on  tbe  nature  r>f  the 
surfaces  in  contact,  and  is  inde]>endent  of  the  «iao  or 
shape  of  these  surfaces.  Evidently  if  P  be  the  total 
pressure,  and  a  tbe  area  (»f  tbe  surfaces  in  contact,  P/it 
will  be  the  pressure  per  unit  of  area.  But  to  tins,  l»y 
the  first  law,  tlie  friction  per  unit  of  area  is  proportioual 
Hence  the  frictiou  over  the  entire  area,  n  units,  wbicli  i^ 
a  times  the  friction  over  unit  area,  is  nP/a^  or  /*;  jumI 
the  friction  is  independent  of  /i. 

3d.  Kinetical  friction  is  in  general  lesH  thau  statical 
friction.  But  when  the  motion  is  once  establishe<l,  the 
friction  is  found  to  be  independent  nf  the  speed. 


KxAMPLKs. — Since  friction  always  Ap|)ears  as  a  resUtanoc   lo 
notion,  it  is  in  imtne  casos  of  the  greatest  utitttj.     Without  f  Hot  ton 
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rch  would  uot  aUod,  a  uatf  at  a  aure<w  would  be  u^desa,  and  a 
'ay  train  could  not  leave  the  statioti.  The  Imusmtssion  of 
ir  by  belting  would  be  impossible  were  it  wot  for  Eho  friction  of 
telt  upon  the  pulley.  On  the  other  hand,  when  motion  is  to  be 
.taiued  between  two  aurfnces^  friftion  l>ecoiues  ft  stsriouA  disad- 
ige.  To  diminish  it  the  surfacr^s  ar*.-  made  &8  smooth  a&  possi- 
nd  then  lubricftt-ed  ;  and  wherever  po^iblt?^  sliding  is  converted 
rolling  frictioiL 


CHAPTER   III. 
WORK  AND  ENERGY. 


Section  L — Wouk  and  its  Measurement. 

Od.  Ilcfiiiitldii  of  Wnrk. — Wlieuever  ii  body  i» 
Diade  to  move  through  u  certaiu  distance  against  re- 
siatiiuce,  work  is  said  to  be  doue  ;  and  the  auioiiui  of 
work  rio  done  if?  proportioiml  jointly  to  the  resistance 
overcome  and  to  the  distance  throu^di  which  it  in  over- 
come. If  we  call  forco  that  which  produces  the  motion, 
then,  since  resistance  is  measured  b}^  the  force  required 
to  overcome  it,  the  work  done  is  represeutotl  by  tliti  prod- 
uct of  the  force  into  the  distance  through  which,  it  actt»* 
The  dimensions  of  work  are  therefore  ML*T'^, 

EXAMPLK-s.—Tu  lift  a  rniiss  of  iron  from  (he  llofjr  to  a  tabic  rv- 
qairc^  tliut  a  rcsistiiricc  due  to  the  weight  of  the  iron  hp  overc«)aie 
throiij^h  a  tlLsianrf'  oqiial  to  the  height  of  the  table.  So.  on  (he  istkXM 
prii)ci|jIo,  work  is  done  in  raising  eonl  from  h  mine,  in  Iiftiii_ 
to  tlio  t4>p«>f  a  Ijiiihliiig,  nnd  in  pumping  wat^r  Inio  a  roAerx' 
illur*lnition«  ol'  otluT  resistunues  Ihau  weighL  lo  hv  overc*»riiM.  ilm 
work  (lone  in  drawing  u  loaded  train,  in  conipiviisiug  a  ftptitig,  iu 
condensing  air  into  a  hollow  cylinder,  in  .separating  a  pi<*«o  nl  iron 
from  a  uiagnn.,  umy  Iw  njcntioned. 

94-,  Mousiircnient  of  Work. — AVork,  like  eveijj 
other  physical  quantity,  is  measured  in  terms  of  u  dafi* 
nite  amount  of  its  own  kiud,  arbitrarily  chosen.  In  the 
Q,  G.  S.  system  this  quaTitity  is  called  Jin  erg  (from 
epyoy^  work).  Since  work  is  projxjrtional  to  the  prod- 
uct of  the  force  acting  and  the  distance  through  whicli 
it  acts,  we  may  write  as  the  equation  of  work  w  =/L 
Evidently  if/  and  /  be  both  unity,  tc  will  also  be  uuitf  (| 
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iu  other  words,  a  unit  of  work  is  done  b^*-  a  unit  force 
acting  through  u  nu  it  diHtiiiu't*.  lutiHimicli  as  iu  the 
C.  G.  S.  S3  t^teni  the  unit  of  force  is  a  djtie  and  the  unit 
of  disla-nce  is  a  centimeter,  their  product,  u  dyue-ceuti- 
meter,  is  tlte  amouot  i>f  work  called  au  erg.  Since  this 
unit  is  so  siuftll  ivh  Ui  require  the  use  of  exceBsively  lar^'e 
numbers  in  exj»ressing  (jrtliuarj  quantities  of  work,  niul- 
tiplea  of  it  by  1000,  by  1,000,000,  by  10,000,000,  and  by 
10,000,000,tM)(»  are  in  use.  These  hir^er  units  are  called 
respectively  a  kilerg,  a  megerg,  a  joule,  and  an  erg-tea. 

Since  thtt  weight  of  a  gram-maas,  as  wilt  be  sQbsuqiiently  shown, 
repnisfutfi  ;ilwul  9^0  C.  U.  S.  units  of  force,  the  work  done  in  rais- 
lug  iho  W4*)ght  uf  u  gram  through  oue  centimeter,  which  is  oHllnl  u 
gnim-centinicturi  Ih  oi:|Ual  lu  UHO  erga.  Tu  raise  u  kilogrum  thrnugli 
One  cvntimctcr,  a  kilugram-ctiutimeter  of  work  must  be  done,  equal  to 
980.000  ergA  :  or  nearly  a  inc^erg.  To  rai.sn  a  kilogram  ihrf>u^))  on« 
untfler  re(|uir«!i  nni>  kilogrttui-iuvrerof  work,  equivalent  to  98,01)0,000 
«fgi»  ur  li*  94  joulfH. 

05,  Graphic  Kepreheutatioii  of  Work- — Since  work 
i«  A  product  of  two  factors,  it  may  evidently  be  repre- 
Yfeul^  by  an  ure^i  whenever  the  two 
fsciors  are  aaiUibly  represented  by 
linex.  Thus  when  a  unifonn  ftirco/ 
uct»(  through  a  <listance  /,  the  work 
done,  which  it*//»  may  be  represented 
area  ttf  the  rectanf^ln  (Fig. 
j»roduct  of  the  ordinate  repre- 
iseutaDf;y»iind  of  the  abHciKRH  repreaentin^;  I.  If  the  force 
he  ttiu(»>riijly  variable*,  i.e..  if  it  increase  uniformly  from 
xcro  to  the  value/,  then  the  work 
done,  being  the  product  of  the  mean 
or  averag**  value  of  tlie  force  into 
the  distance,  will  be  A//;  since 
4(0 -f-/),  or  half  the  sum  of  the 
initial  and  final  values,  equals  \f. 
'"•  '*'•  But  the  area  cif  the  triangle  (Fig.  39), 

rhich   ili  half  the  product  of  the  base  bv  the  height, 
w    •      *  -: 

the  force  does  not  vary  uniformly,  the  work 
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done,  wliieli  is  always  represeDted  by  the  product  oi  the 
mean  force  into  the  distance,  ia  still  the  area  of  tb« 
figure  enclosed  between  the  curve-line  representing  the 
Tariatiou  of  the  forco,  the  axis  <if  ubscissaH,  and  the 
two  ordinateB;  the  distance  between  these  ordinates  rep- 
resenting the  space  llirough  whirh  tho  force  acta.  Thus 
suppose  air  bo  compressed  in  a 
cylinder.  Let  Oa  (Fig.  40)  be  the 
volume  and  Aa  the  pressure  at  the 
beginning  of  the  operation.  Duriug 
the  compression  let  the  volume  di- 
minish to  Oh  and  the  pressure 
increase  to  BK  TJie  force  will  not 
vary  uniformly,  and  hence  A  and  B 
will  be  connected  by  a  curve-line  A(!B  drawn  from  A 
to  B,  The  area  aABby  however,  will  still  represent  the 
work  done  upon  the  air  during  the  compression.     If 
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now  the  air  be  made  to  expand  again  to  its  original  vol- 
ume in  such  a  way  as  to  do  more  work  thau  was  ongi^ 
nally  expended  upon  it,  then  the  new  curve  BDA  drawn 
from  y?  to  ^1,  representing  the  variation  of  pressure  and 
Tolunie,  will  be  above  the  coinpreHsiou-curvc  (Fig.  41\ 
If  less  work  is  done  in  the  expansion  thau  in  the  com- 
pression, th«?u  tho  new  curve  BEA,  which  is  drawn 
alsa  from  B  to  A^  is  below  the  conipressinn-cnrve,  aa 
shown  in  Figure  42.  The  work  done  in  expansion  in 
both  these  cases  is  represented  by  the  areas  aABh  in  iho 
two  diagrams.  Combining  now  both  operations  in  oue, 
HO  as  to  represent  a  complete  C3'cle  and  to  return  the  air 
to  its  initial  volume  and  pressure,  we  have  two  condi- 
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tious  acooriliu^  iih  ttie  curve  of  eonipreNsiou  is  united 
with  the  one  or  the  other  exjmnsiou-curve.  lu  the  for- 
mer C9ise  (Fig.  43)  the  work  duue  by  the  gas  is  greater 
than  that  done  npou  it;  ami  this  b}-  the  AVtiti  ACBD ; 
lieuce  Uit^  machine  actR  as  a  niot4ir.  lu  the  hitter  the  re- 
verse is  the  case  (Fig. 4-11  and  the  machine  a<ts  a«  a  com- 
preasor;  the  difference  being  represented  by  the  area 
ACBE.  Tt  will  Im»  ftbwerved  tlmt  in  tho  former  case  the 
.operations  of  tl»e  cyclf,  as  uhowu  by  the  arrowH,  are  iu 
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the  direction  in  which  the  hantls  nf  a  M'atoh  move,  or 
negative  ;  while  they  are  iu  the  opposite  or  positive  di- 
rection in  the  latter. 

Hucli  diagrams  an  thoKe  uow  di^cusHed  are  called 
diagrams  of  work.  Knowing  the  eucloHed  area  and  the 
change  of  volume, rf/>,  simple  division  given  their  ipiotient 
or  the  mefui  prensure  acting.  ThiK  diagram  wan  first 
ttaggeMted  by  James  Watt  to  measure  the  work  of  tlie 
stvjtm-eugiue ;  but  Clapeyron  and  Raukiuc  liave  gi*eatl y 
eiiein1**d  its  usrfuliicHs  l»v  iiuiking  its  applicution  gen- 


0«.  Kate  o(  Work.-Acli%ily.— TIjp  rate  at  which 
ffk  is  do«<^  by  any  agent  is  called  the  activity  of  that 
N^ut ;  and  hence  the  activity  i^  obtained  by  dividing 
til  *     '         by  the  time  required  to  perform  it.     The 

au:  '  is  therefore  reached  when  a  unit  «jf  work 

is  done  in  a  unit  of  time ;  or  in  the  C  G.  8.  aystem,  when 
Uu^  rate  of  working  is  an  erg  jier  second.  The  word 
powtr  18  sometimes  used  to  indicate  rate  of  work. 

EXAMPtia.— If  n  kilogram-roctor  of  work  bo  done  by  a  machin© 
in  m  mliMito,  the  rati*  Kt  which  the  macliine  ih  working,  i.e..  it« 
ac4tvity,  t»  9(<x  le'  illvidwJ  by  WO  ;  (»r  suniewhiU  niorr  timn  IG  x  lO* 
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erg-8K'oiids.  The  activity  calUM  a  hott*e-|x>wt'r  it»  7"4.jxl0*  erg. 
Bocondfl.  Fur  I'omiiierciiil  puq>uscs,  ii  hirgur  unit  nf  nclivity  U  cm* 
ployed  caliwd  n  watt.  Tho  watt  I3  defined  »a  10'  L*rg-8«.'L'<>nda  ;  or,  u 
1(V  orgs  is  a  juult*,  an  a  jouU*-s(M:i>iid.  Heiict*  a  horsepower  ifi  Ttf 
wait^  and  a  kilowatt  is  IH  horsc-powcrs. 

Siuce  activity  as  above  <letiiied  is  ///^  and  siuoe 
1/t  =  8,  it  is  evident  that  activity  may  also  be  repre- 
seuted  b,h/«,  or  as  the  product  of  force  by  speed. 

97.  Work  cloue  in  ov<?reoiiiiii|^  Priftioii. — 8iuce 
frictiou  is  a  resistauce,  force  is  required  t*)  overcoino  it 
And  the  product  of  this  force  iutt)  the  distance  through 
wliich  it  overcomes  tlie  frictiou  measures  the  worlc  done. 
If  ou  applying  a  dyuaiaoineter  to  a  tramcar,  for  example,. 
it  is  found  tliat  25  nioj^adynes  are  required  tu  keep  it  iu 
motion,  then  the  work  done  iu  moving  the  car  over  a 
kilornoter  will  be  2*5  X  10"  ergs  or  250  orf^-tens.  If 
this  distance  is  traversed  in  seven  minutes,  the  aotivity 
or  rate  of  work  will  be  about  0*6  erg-teu  per  Heound. 


SEcmos  II.— Energy  and  its  TuANSFoBMAnoNa. 


08.  DeflnUioii  of  Knergy, — Iu  nil  the  caseB  ab 
mentioned,  the  raised  or  sej)arat<Hl  masses,  iu  virtue  nf 
their  position,  i.e.,  of  their  cnuditiou  with  reference  to 
other  masses,  have  acquired  an  advautaj^e  which  can  1>o 
utilized  to  reproduce,  at  least  iu  part,  the  work  which 
has  been  expeuded  upon  them.  Bodies  upon  which 
work  has  thus  been  done  and  which  in  eousequenee  arft 
themselvps  iu  a  couditiou  to  do  work,  are  said  to  po«)4ew» 
energy.  Hence  energy  may  be  defined  as  a  couditinn 
of  matter  in  virtue  of  wliicii  tiie  matter  may  he 
made  to  perform  work  (5).  Energ\',  like  work,  is 
measured  in  ergs. 

Example*!.— When  water  Ia  miMMl  lo  n  drtiiiiir  heiglw  nlxive  lite 
RWi,  either  by  iiaturnl  or  t>y  HrtHk'iuI  uieatis,  i'vory  itwa  knows  that  It 
may  hv  made  to  do  work  by  allowing;  it  to  act  iiiK)n  a  suitable  waters 
wlietd.  ThiR  water  consequently  |«jsse88eK  eiipr^jy.  We  commouly 
5peak  (if  storing  water  in  reservoirs.  Bat  energy  is  also  storc4i  jit 
the  fiAino  time,  the  nnionnt  of  whieh  is  exactly  L-iiual  to  the  worlc 
dune  in  nnning  the  water.     When  u  watch  U  wound  up.  work  is  doiut 


in  ooiliDg  (he  spring:  and  the  energy  thus  stored  up  in  thib  spring 
is  grikiliuklly  ejpeadcd  for  the  purpose  of  keeping  the  wutoh-truin  in 
nioUim. 

I  ftO.  Putoutial  Eiierio. — The  energy  which  a  body 
possesseM  ill  rirtue  of  its  position  hii.s  beeu  culled  by 
Jtiiukiiie  Potential  Energy.  Tlin  work  which  is  donV* 
npou  a  body  iu  order  to  store  up  i>oteutial  euergy  in  it 
or  ill  the  s\>iteiu  of  which  it  forms  a  part,  is  work  which 
IB  expeiitied  iu  Heparutiiig  attrnctiug  maases  or  inateriAl 
particles ;  iis*  ^^411  l>e  more  fully  discuaaed  in  the  ui'Xt 
chapter.  And  it  is  the  force  of  attraetiou  betwpi^u  iliesi^ 
Heparated  masses  which  brings  them  again  together  and 
reconverts  the  poteiitiid  energy  therein  stored  up  into 
work. 

f  EXAMPLRS.— When  Ihc  weight  of  a  kilogranj  ia  raihwl  through  a 
meter,  a  kilo;;ram-motei*  of  work  is  floue  against  the  piirlh's  nttrnc- 
IJOD,  nncl  a  kilograui-meter  of  potential  energy  is  stoivd  up.  When 
im  eiaMic  cord  ift  stretched,  the  force  Applied  aet«  to  overcome;  thu 
molreulnr  attraetiftn  of  the  material;  and  this  force  niuUiplictI  hy 
the  diHiaiu-*'  throngli  which  it  acts  reprcK-nts  the  potential  energii 
fitori^l  up  in  the  rxteiided  oord.  When  enrhon  imd  oxygen  are 
M'pxratetl,  It  ift  chemical  attraction  wliit-h  is  overcome,  ami  the 
pritnitial  iiHT^y  of  tlie  carbon  is  a  measure  of  the  work  done  in 
elfiviing  ihr  .■M[»firaTian. 

ItMK  KiiK'tic  Ciii>rg:y. — When,  however,  foive  is  ap- 
plied to  a  niu.ss  of  njatler,  under  circumstances  where 
no  external  reaistance  is  to  be  overcome,  the  entire  force 
IB  expended  in  itinerating  acceleration  in  the  body. 
Cotiv^rHf»lv,  wlien,  at  tlic  end  t)f  a  j^iveu  time,  tlie  Ixaly 
has  acquired  a  definite  amount  of  motion,  it  is  found  that 
the  force  necesaary  to  bring  it  b^  rest  in  the  same  time 
id  wxactly  equal  to  that  which  was  requiri3d  to  generate 
the  motion  origiuiilly.  Hence  it  is  evident  that  energy 
may  b^  stored  iu  a  body  by  communicating  motion  to  it 
truly  an  by  moving  it  into  a  position  of  advantage 
net  attraction  :  and  therefore  that  motion  is  one  of  the 
(•oDilitions  of  matter  above  mentioned  in  virtue  of  which 
Ibis  matter  may  do  W(»rk.  The  energy  which  a  body 
piiHiieaBdB  in  virtue  of  its  motion  has  been  very  appropri- 
ately called  by  Thomson  Kinetic  Energy. 
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Examples.— Thus,  moving  water  umy  1>o  employed  to  do  work 
just  us  renlty  tis  raised  water.  Windmills  i^erform  work  in  corm- 
qnencc  of  thr  kinetic  energy  which  is  contnined  in  the  air  in  moliou. 
Tho  work  whirlj  a  projectile  can  do  in  penet ruling;  llie  target  is  a 
function  iif  ihs  s|>ecd  :  as  is  also  the  work  which  is  doni'  by  a  liammtir 
in  driving  a  nail. 

lOI.  Measiir4-iii«*iit  of  Kinetic  KiiiM'jcy'- — Since  iu  all 
CH.se.s  the  en**rgy  of  a  body  or  syatem  of  bodies  is 
measured  by  the  aniouiit  of  work  it  cau  do,  it  ie  evident 
that  the  kinetic  euer^^y  iu  a  nioviiif^  body  may  be  deter- 
mined in  auy  case  simply  by  ascertaining  the  height  to 
which  the  bod^*  wonld  itself  be  raiHed  against  the  eiirth's 
attraction,  by  the  expenditure  of  its  own  energy, 

ThuH  lot  a  bod}'  of  weight  w  be  moving  vertioally  upwai'd  willi  A 
speed  9.  From  Itie  kinematical  principles  already  disoussod  (33)  we 
see  that  /  =  *V*-J"-  *^r  in  other  wonis,  that  if  a  body  ho  moving 
with  ft  spoed  *,  the  height  to  which  it  will  rise,  and  thrrcfore  the 
work  which  it  will  do  in  raising  it.self.  is  proiMirtional  to  the  si^uarv 
of  .¥.  If  now  the  above  e<|tiatiou  be  converted  into  a  dynnmieul  one 
by  introducing  into  it  the  weight  of  the  body,  we  shall  have 


wl  —  tts^/'ia. 


[22] 


But  u>l  represents  the  work  done  ajptainst  the  earth's  attraction  iu 
nusing  the  weight  iv  lu  the  height  /  ;  and  therefore  also  n^pretwuits 
the  potential  enr-r^^'v  stort^d  in  the  l»otly  when  at  this  hoiglit.  Tn 
nn.'tin  this  heijrhi,  however,  the  body  has  Imen  projeelwl  upwnnl 
with  a  sp<^ed  « ;  and  in  its  course  it  hii8  continuously  lost  kinetic 
energy  ntid  nrqniiwl  |K)tential  enei*gy.  At  its  highest  point  it  i%  at 
rt«t.  and  all  iis  kinetic  energy  has  become  potential,  represenlcd  Id 
(lie  e<|ualiun  by  wl.  ihu  first  member.  But  by  (lie  itfuatiou.  the 
(lotenlial  energy  wl  is  wpml  to  uw'/-'^  This  therefore  itiust  rep- 
resent I  he  kinetic  energy  of  the  body  oriKinally  when  moving  wilh 
the  Bp<ted  .V.  If  m  h(>  substituted  for  its  value  //</</,  in  this  expru«. 
sion,  it  becomes  Jms'.  Wtienee  it  follows  that  the  kinetic  ener;?y  of 
a  mass  m  moving  witli  a  spectl  h  is  ])nii>ortional  to  half  the  proiiact 
of  the  mass  by  the  .s<piare  of  the  sp*»ed.  If  the  mass  Ix)  expre&'ied  iu 
grains  and  thespee<l  in  centimeters  per  second,  the  kinetic  enermr 
will  be  obtained  in  ergs. 

102.  Relation  hetwecu  Kinetic  uiid  PotviitbU 
Energy. — The  relation  exiHtiug  between  the  kinetic  and 
thf?  iioientin!  forms  of  energy  may  be  illuHtrat4Hl  iu 
various  ways.     If»  fi>r  example,  the  kinematical  etjnntiou 
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:=2al  be  combined  ivith  tLe  kiuetical   equation /  = 
ma,  we  obiaiu 


^ms^  =  mat    and     }m»'  =//; 


[23] 


tbia  last  eqaatiou  ex})reHHmg  the  fact  that  the  kinetic 
euergji*  of  a  mass  m  iiioviug  witli  a  speed  8  is  equal  tn 
the  potential  euergy  of  tlie  same  mass  under  the  actiou 
of  a  force/ which  wouhl  give  it  this  speed  in  passing 
over  a  distance  /.  Hence  the  work  which  a  hcvJiy  of  maas 
m  tnoving  with  a  speed  h  will  do  is  Jms*.  And  the  work 
which  the  same  body  will  do  in  falling  from  a  height  I 
ia  vmL  If,  however,  the  body  fall  from  the  height  /  to 
the  height  l\  how  much  work  mIII  it  do?  If  it  fell  to  the 
KTOond,  its  speed  on  striking  would  be  in  the  first  case 
ff'  ^  20di  and  in  the  second  8'  ^  —  2a/'.  Subtracting  and 
diviiUng  by  two,  4(^«'  _  s")  =  a{l  ~  V),  But  /  —  T  is  the 
distjiuce  through  wluch  the  body  falls.  Calling  it  /",  and 
multipl^-iug  both  sides  by  m,  we  obtain  J///jf'  —  ^//w" 
=z  $Hal".  From  which  it  appeal's  that  the  amount  of 
work  done  by  the  body  in  its  fall  is  equal  to  the  increase 
of  ita  kinetic  energy  during  the  interval. 

lOU.  Transference  uf  Cnore:.v. — Let  a  body  in  mo- 
tion strike  another  body  at  rest.  A  part  of  the  motion 
{M>j>taeBBed  by  the  first  botly  is  transferred  to  the  second  ; 
Uiut  of  the  first  body  being  proportionally  dimiuished. 
But  the  niotiouM  of  the  two  boilies  represent  their  kinetic 
energies.  8o  that  in  this  experimeut,  kinetic  energy  has 
'  '  simply  transferred  fnjm  one  botly  to  another.  In 
.ion  la-ngnage,  the  first  body  has  exerted  force  npcm 
tlie  second.  Moreover,  other  things  being  equal,  the 
lount  of  force  exert(ul  is  obviously  the  greater,  the 
eat«r  the  apace  over  wliich  the  bodies  move  while  in 
ctmtact.  Hence  force  nuiy  be  considered  ouly  as  the  rate 
a1  which  euergy  is  transferred  with  space. 

But  n*>t  tinly  may  kinetic  energy  be  transferred  from 
one  body  t<i  another.  Potential  energy  is  equally  ca})able 
of  a  aimilar  transference.  When  water-power  is  employed 
to   mise  coal  from  the   pit  or  ore  from  the    mine,  for 
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»\Ainpl«^i  thft  poteutial  energy  of  the  water  is  transferred 
to  the  coal  or  the  ore.  The  waterfalls  tlivoiigh  a  eertAia 
licij^ht  auil  loses  potential  ener^^y  proportional  to  the 
product  of  the  weight  of  water  and  the  height  of  fall. 
TJie  coal  or  ore  gains  energy  equal  t<^  tlie  product  of  its 
weight  and  the  height  of  rise.  Sinee  no  transfer  of 
energ}-  in  perfect,  the  energ}*  lost  hy  the  water  is  always 
greater  thun  that  gained  by  the  substance  ruised. 

104,  TranHforinatloiis  of  Knrrpj'. — Again,  the  two 
forms  of  energy  above  mentioned  are  themselves  capable 
of  transformation,  the  one  into  the  other.  WheneA'er 
the  fall  of  water  from  a  reservoir  moves  a  water-wheel 
and  with  it  the  machinery  of  a  cotton-mill,  for  example, 
the  pottMitial  energy  of  the  water  disappears  in  conse- 
quence of  its  fall,  and  the  kinetic  energy  of  the  water- 
wheel  and  the  shuttle  appears  in  its  place  ;  and  we  say 
that  the  former  is  transformed  into  the  latter.  So  when- 
ever c.om])ressed  air  is  employed  to  drive  an  engine,  or 
a  roiled  s]tring  to  drive  n  train  of  wlieel-work,  energy'  of 
position  is  transformed  into  energy  of  motion.  A  ball 
suspended  by  a  string  and  allowed  freely  to  oscillate 
after  the  manner  of  a  pendulum,  is  an  excellent  example 
of  the  continuous  transformation  of  energy,  and  in  both 
directions.  When  at  the  highest  point  of  its  swing,  it  is 
for  an  instant  at  rest,  and  all  its  energy  is  energy  of  posi- 
tion, or  poteutial  energy.  But  now  it  begins  to  fall,  and  a« 
it  does  HO  it  acquires  the  energy  of  motion  ;  so  that  when 
it  reaches  its  lowest  point  all  its  potential  energy  is 
lost  and  its  kinetic  energy  is  a  maximum.  As  it  rises  ou 
the  other  side,  its  motion  diminishes  and  its  elevation 
increases  until  it  reaches  the  end  of  its  swing  in  the 
opposite  direction,  when  all  its  energy  is  n^rain  the 
energy  of  position.  The  total  kinetic  energy  which  it 
can  acquire  can  never  exceed  its  potential  energy ;  and 
this,  as  we  have  already  seen,  is  always  proportional  to 
the  product  of  its  mass  into  the  vertical  height  through 
which  it  has  been  raised.  Owing  to  the  resistance  of 
the  air,  some  loss  is  experienced  in  each  tran.sformation  ; 
and  8f»  the  oscillations  tinallv  cease. 
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have  ^rw4(Iy  intimated  that  enorpy  of  position  dcpt'nds  upon 
rncc  «f  other  ImmIu-s  in  Ihe  vicinity  of  the  body  in  question, 
In  virtue  of  aq  attraction  taking  place  between  tliem  which  in  pro- 
portioTiiii  to  the  iuilsscs  of  matter  ooncerned.  It  may  bo  said, 
prrhaps  mnre  probjibly.  to  depend  upon  a  condition  of  strain  in  the 
vt*en  \\if  attracted  masses,  the  two  a«pectjj  of  wliich  are 
hl>  s  in  llie  two  directions,  or,  more  commonly,  force.    Force, 

tbi*iefui*t.  ft-*  viewt?d  from  this  stundjwint,  is  simply  one  aspect  of  a 
stress.  This  condition  of  things  may  he  well  illustrated  by  an  elastic 
imnd  nlre(t.ibed  between  two  lead- pen ci Ik.  There  is  a  stress  exerted 
iietwef-n  itic  pencils  which  is  dui^  to  the  strain  in  the  rubber  band. 
WbtfU  oti<f  of  these  pencils  only  is  considereij,  then  we  apeak  of  the 
fnrcr  acting  upon  it  alone.  But  from  the  third  law  of  motion, 
action  and  reacrion,  ihoiiiih  oppositely  directed,  are  e<iual.  Hence 
the  complete  phenomenon  can  be  studied  only  by  taking  both  aspecls 
of  the  stress  into  the  account. 

In  grnend.  therefore,  whenever  two  attracting  bodies  i\m  sepa- 
rated, work  is  done  upon  tlieiii.  and  energy  is  stored  up,  either  in 
tb>*m  iiT  in  the  medium  between  them,  to  an  extent  precisely  equal 
to  (b«  work  done.  Since  this  principle  is  independent  of  the  sine  of 
thr  liodiesseimrated,  molecules  or  atoms  may  have  potential  energy, 
well  8A  visible  masses.  One  gram  of  carbon  poss(.)sses  3*36  x  10" 
of  energy  storeil  within  it;  one  gram  of  hydrogen,  l"43x  10'* 
"«tgB;  one  gram  of  zinr..'i'4fl  y  10"  ergs  ;  onegrjtmof  alcohol,  2  9  x  10" 
origB.  The  attraction  in  theftc  cases  is  atomic  ;  the  stored  energy 
I ly onDting  in  all  cases  the  work  done  in  separating  the  atoms  of 
theBO  sabstJince,<4  from  the  oxygen  with  whicli  they  were  in  combina- 
tion. Conversely,  when  the  atoms  of  these  substances  unite  again 
with  oxygen  this  potential  energy  is  for  the  most  part  converted 
into  kioetic  energy.  Coal,  woo<l,  gas,  petroleum,  and  the  like,  are 
tberefore  to  bo  looked  upon  simply  iis  substances  in  which  energy  ia 
AtofMi :  and  this  in  a  readily  transportable  form.  It  is  this  fact 
wli  'liem  their  commercial  value.     A  kilogram  of  coal  eon- 

it  potential  energy  stored  within  it  to  raise  a  weight  of 
:nR  to  the   height  of    1000  meters.     The  energy  of  a 
/.lire  would  raise  a  similar  weight  to  the  height  of  400 
Biffters. 

Monovvr  the  same  principles  apply  equally  to  the  articles  which 
■WQ  mn«Dme  aa  UhhX.  One  gram  of  beef  contains  664  kilogram- 
ffleten  of  polcntial  energy,  one  gram  of  broad  94.^,  one  gram  of 
•ngnr  1418.  and  one  gram  of  butter  8077  kilogram-meters.  It  is  by 
llfcc  constant  change  of  this  potentiul  energy  of  food  into  other 
forms  of  energy  that  the  various  phenomena  of  the  animnl  organism 
»re  Oi>D8tantIy  maintained. 

lOfl.  Energy  of  Kotuiion. — lu  the  above  diBcussion 
relating  to  kinetic  f^nf^rgy,  the  motion  lias  been  supposetl 
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to  be  one  of  trauslation  only.     But  tlie  saine  principles 

apply  to  motion  of  rotation.  The  kinetic  energy  of  & 
material  particle  of  mass  m  moving  with  a  Bpeed  «  in  a 
cu^^'ilinear  path  ih  ^ms*^As  we  have  already  proved  (101), 
If  the  path  be  a  ciicnlar  one,  then,  as  stated  in  tbf» 
ciiapter  on  Kinematics  (43),  the  lineiir  speed  along  the 
arc  will  vary  preciwely  a»i  the  ai*c  it»elf  varies ;  Le.»  will 
vary  directly  uh  the  radiuK  of  the  circle  and  as  the 
angular  velocity ;  hence  s  <x  rco.  Consequently  the 
energy  of  a  rotating  particle*  ia  represented  by  iw*r"Q/; 
an  expression  obtained  simply  by  replacing  s  in  the 
ordinary  kinetic-energy  eqnation  by  its  value  in  terms  of 
the  angular  velocity  and  the  radius.  For  the  entire 
body  we  shall  have  ^^';«r'&>';  and  since  2mr*  ==  3ik*=J, 
as  stated  (72)  in  Kinetics,  the  kinetic  energy  of  a  rotating 
body  is  represented  by  J^ffe'o)*,  or  by  i/<k?';  that  is  to 
say,  by  the  j>roduct  of  half  its  moment  of  inertia  and  the 
square  of  its  angular  velocity. 

lOO.  VariotloH  ol"  Knerg^^.  —  From  what  has  now 
l>een  said,  it  will  be  evident  (1)  that  all  botlies  which 
are  in  motion  possess  kinetic  energy,  and  (2)  that  all 
bodies  whicli  are  in  a  position  of  advantage  with  refer- 
ence to  tlie  attraction  of  other  bodies  possess  potential 
energy.  But  a  somewhat  more  special  classiRcatiou  of 
th('  different  varieties  of  energy  may  be  made.  These 
are  as  follows : 

L  Potential  Energy. 

1.  Strain,  whether   extension,   compression^  or 

distortion. 

2.  Gravitative  separation. 

3.  Chemical  separation. 

4.  Electrical  separation. 

5.  Magnetic  separation, 
Q.  Kinetic  Energ^y. 

L  Translatory  or  Rotatory  motioQ. 

2.  Vibration,  including  sound. 

3.  Radiation,  including  light. 

4.  Heat,  both  latent  and  sensible. 

5.  Elcctricitv  in  the  form  of  current 
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It  therefore  iippoars  thai  all  the  pheuoineua  with 
which  physic;*  can  concern  itself  are  pheuoiueua  wliieh 
tlnpEnnl  upon  or  are  eouiiected  with  the  trau.sfert'ucrt  or 
the  trauiiforraatiou  of  enerR^-.  Every  change  in  rnatt*^!* 
o(  whab'rer  nature  which  goes  un  upon  the  earth  in- 
volve!* a  -simuIUineoUH  Hiier)4y-t'l»Jin|i;e.  Heiii-e  plivHictt 
\%  properly  detined  as  that  branch  of  t»(.*ieuco  whicJi  eon- 
Miders  mutter  simply  as  the  veliide  of  energy  and  whiidi 
coucernn  itnelf  witlt  tlie  phenomena  which  attend  thn 
trannfereuce  of  energy  from  one  body  to  auotlier, 

I07.  Coiiservutloii  of  Eiu'rify.^The  cloHe  of  the 
hist  century  was  made  memorable  in  science  by  the  dis- 
covery of  the  illustrious  Lavoisier  that  matter  is  intle- 
flkmctible  by  human  agency;  and  that  C4)nsequently  the 
amoant  of  matter  in  the  universe  is  constant  ^4).  So 
the  first  Indf  of  the  nineteenth  rcntury  has  b<>en  made 
equally  memorable  in  science  by  Joule,  whose  iuvesti- 
gntiouH  have  established  the  same  great  law  for  energy. 
It  is  the  present  l>plief  of  science  that  energy  is  inde- 
structible and  unalterable  in  amount;  Uiat  the  t|miutity 
of  energy  in  the  universe  has  never  be«ii  increased  or 
dindnished  by  any  action  of  whii'h  we  have  any  knowl- 
e<lge  ;  and  that  while  it  is  capable  of  tninsforroation 
from  one  variety  into  another,  the  sum  total  remains  ab- 
Holutely  constant.  This  is  the  law  of  the  Conservation 
of  Energy  (6), 

EXAMP1.BS.— Ah  nn  iltuHtmtUai.  consider  the  energy  wliicli  couioa 
lo  UH  in  AimligHt  Impinj^ng  itfKm  our  earth,  it  raisch  water  tu  (hu 
«ky  to  fall  10*  i*:iii)  ;  wliieli  rain,  collcct^tl  iti  reaervoir>«,  becoini*A  the 
trtorwl  mcryY  t>f  a  watcr-HUpply.  Tliis  Auiiliyhl  foils  upon  tlio  leaf 
bikI,  under  Uu*  mnrvpllong  rhetnirtrry  xht^vv  aotiiiK.  ctTccts  flirmicnl 
lieftAratioiia  within  it»  ocIIh  and  so  store:^  up  rnorgry  tlipro,  to  l)e  m^x 
frv^^  (wrchanco  dirtn-tly  a*  fuel  or  the  fixxl  of  luaii,  or  to  n-niaiu 
hiokcd  up  nn  eoal  iti  thn  interior  of  the  earth,  tn  hit  ^\\vx\  out  reniu- 
later  lo  drive  the  pnginefl  juul  to  heat  the  Iiouhps  of  sul>se<|iient 
lerationft  of  men.  But  having  loitered  Iicre  a  while,  (hijt  enerjr)' 
lUy  ct'Ut'Ctefl  and  sent  on  its  way  into  npace;  not  »  jot  or 
wntually  reuiHining  in  a  world  to  whiuti  it  han  given  for  tht) 
mmaant  snoh  unwonted  activity. 


CHAPTER  IV. 

ATTRACTION  AND  POTENTIAL. 


Section  L — UNn^EKSAL  Attraction. 

108.  LitM*  of  Oravitiitlon. — It  Las  beeii  observed 
that  under  certain  coiulitiima  lioilies  exhibit  a  teudeucj 
to  u[)pr(jach  oue  imother ;  aud  that  if  fre«  to  move,  a  mo- 
tion taken  place  between  them  and  thej  come  togetlior. 
Such  a  tendency  is  called  an  attraction;  and  the  force 
witli  which  the  bodies  tend  toward  each  otlier  is  called 
the  force  of  attraction.  A  distinct  and  formal  recognition 
4)f  tho  fact  that  an  attraction  is  exerted  between  M 
material  bodies  in  \4rtue  of  their  mosses  wjis  tirst  ^iven 
by  Newton  in  the  Principtn.  From  various  parts  of  this 
great  work  Tait  has  collected  the  law  according  to  which 
this  attraction  takes  place ;  a  law  which  has  been  tmllsd 
tlie  law  of  gravitation.     It  is  as  follows  : 

**  Every  particle  of  matter  in  the  universe 
attracts  every  other  particle  with  a  force 
whose  direction  iH  that  of  the  line  joining  tlie 
two,  and  whose  magnitude  is  directly  aa  tlia 
product  of  their  masHes  aud  inversely  as  the 
square   of   their   distance  from   each   other.'* 

Coniiaon  observation  teuches  us  that  all  tit-  '  n. 
ena  about  us  which  flow  from  such  mutual  i-  o£ 

masses,  are  precinely  such  pheuomenA  as  would  resoll 
from  an  attraction  resident  in  the  masseR  themselveft. 
But  a  study  of  other  forms  of  attraction  has  resulted 
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in  oonceiitrutiiig  the  iitteutiou  more  doHely  upon  the 
niedinm  interveuiiif^  between  tlie  two  attracting  bodies 
thnu  u|M>u  ill*'  bodieH  theiiiHelves.  All  force,  as  we  liave 
lenmed,  is  of  the  natnre  of  a  Htresa.  If,  tLerefore,  the 
medinm  l>etweeij  any  two  bodies  is  in  n  state  of  strewy, 
<iue  iispect  of  rhe  BtresH  is  toward  the  one  body,  tlio 
oUier  aspect  is  toward  the  other.  Hence  the  two  bodieH 
lend  to  appruach  each  other.  '*  Such  a  streHH,"  says 
Maixwel],  •'  would  no  doubt  account  for  the  observed  ef- 
fects of  f^a^itation."  "But,"  he  adds,  "tc*  account  in 
thifl  way  for  the  actual  efTectH  of  gravity  at  the  surface 
of  tlje  earth  would  require  a  pressure  of  37,000  tons 
weight  ou  the  square  inch  in  a  vertical  direction,  com- 
bined with  a  tension  of  the  same  nnnieriL*ftl  value  in  all 
horizontal  directions.  Tlie  state  <A  stress,  therefore, 
which  we  must  Hup]>ose  to  exist  in  the  invisible  medium 
IB  3(MX)  times  greater  than  that  which  the  strongest  steel 
could  supi)ort,"  Hence,  from  all  the  facts  in  our  pftsses- 
flioD*  Tait  concliidoH  that  all  that  we  are  entitled  t*»  wiy 
i»  :  •'  That  the  part  of  the  energy  of  a  system  of  two  par- 
ticlea  of  matter,  of  masHos  m  and  m\  which  depemls 
Upon  their  distance  >-  from  one  another,  is  meafiure<l 
bj  —  mm'/r  ;  and  this  is  n*it  altered  by  the  presence  of 
oiber  particles*'* 

Wherever  the  seat  of  the  energy,  however,  whether 
in  the  attracting  massrs  themselves  or  in  the  sur- 
nvnmlir^f  niedium,  the  general  attraction  which  is  ex- 
ef  '  r»on  masses  of  matter  has  received  the  name 

gi  _  .  i;  while  that  exerted  between  the  earth    and 

l>04iies  npOD  itA  aurfaoe  is  called  gravity. 

IIMK  Kxperlinoiil  «f  Caven<lish. — Direct  experi- 
m»»atiii  proi>f  of  the  attraction  exerted  l>etween  masses 
of  tnfttier  lias  been  i>btained  by  several  observers.  In 
17'''  "  '    h  used  a  pair  of  small  masses  placed  at 

th  '  long  and  light  rod  suspended  by  a  fine 

wtn»»  and  attracti'd  by  a  jtaij:  of  larger  masses  ;  the 
«l#f*  *'  increasing  until  the  moment  of  torsion  in  the 
Bit  ■■:-j:  wire  is  ecjUHl  to  that  due  to  tiie  attraction. 

In  Fig.  46  ww'  nrc  the  small  masses,  O  the  point  of  sua- 
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peOBioOiAnJ  MM'  the  large  mAsse&  After  the  deflection 
hmd  bcten  noted  iu  the  position  shown,  the  large  ma:ise8 
Were  placed  on  the  other  side  of  the  s^mall  cues,  in  the 
positioD  shown  by  the  dotted  circles,  the  new  deflection 
noted,  and  the  mean  taken.  In  the  actual  apparatus  the 
rod  was  nearlr  2  meters  long,  and  the  masses  were 
balls  of  lead ;   the  smaller  cmea  about  5  centimeters 
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and  the  larger  ones  abont  30  t'entimeters  in  dimneter. 
Iii  1878  Coruu  reduced  this  apparatus  to  one  quarter  of 
the  above  size  ;  using  an  alumiuam  tube  half  a  metej* 
long  as  the  beam,  and  masses  of  z50  grams  luily  at  its 
ends.  He  also  used  for  the  larger  masses  four  tixed 
spherical  vessels  of  iron,  so  counecteil  that  the  two  op- 
posing  pairH  could  be  alternately  filled  with  mercurv. 
In  1889  Boys  still  farther  reduced  the  diniensiouK  of  the 
apparatus;  the  little  masses  being  cylinders  of  pure  !ea<l 
3  mm.  iu  diameter  and  11*3  mm.  long,  placed  at  diflerent 
levels,  and  attached  to  a  glass  tube  so  that  their  axes  are 
6'5  mm.  from  the  axis  u{  rotation.  The  suspending  flla- 
mentis  a  fine  quartz  Hl>er.  The  Iiuge- masses  art-  tiMi 
cylinders  of  lead  .jO-S  nim.  iu  diameter  and  of  the  samia 
length,  fastened  to  the  inside  of  a  large  bniss  tabe 
capable  of  rotation  about  the  axis  of  .suspeDsion.  The 
time  of  a  complete  oscillation  of  the  toi-siou  peuduluiu 
is  160  seconds,  and  the  <leflections  are  read  liy  menus  of 
a  mirror  and  scale.  Umler  these  conditions,  the  appa- 
ratus proved  to  l>e  capable  of  indicating  au  attriiction  of 
iDo'anff  <^^  *^  dyne;  so  that  by  it«  means  the  attraction 
between  a  pair  of  No.  5  shot,  or  even  a  ]»air  of  dust-shot, 
could  be  measured. 

lvi<lently  having  obtained  the  deflection  produced  bj 
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the  attraction  of  known  masses,  we  have  only  to  multi- 
ply this  deiiectiun  by  the  modulus  of  torsion  (149)  of  the 
saspending  fiber,  in  order  to  obtain  the  absolute  attrac- 
tion (if  these  masses  at  the  given  distance  ;  and  from 
this  the  absolnte  attraction  of  unit  mass  at  unit  dis- 
tance. This  may  be  called  the  static  unit  of  force ; 
Le.,  the  force  with  which  unit  masses  attract  each  other 
at  uoit  distance.  This  is  the  ultimate  object  of  the  re- 
searches of  Boys.  The  Cavendish  eskperimeut,  however, 
bad  for  its  object  a  relative  determination  :  the  ratio 
between  the  attraction  exerted  by  the  leaden  balls  and 
that  exerted  by  the  earth.  By  the  law  of  gra\itatioUj 
mafta-attractiou  /  is  proportional  to  mm /r*  \  or  to  m/r" 
when  m'  is  unit}'.  lu  the  ciwe  of  a  s])hore  /  o  jTr/a; 
in  which  r  is  the  radius  and  p  the  density.  Fur  the 
leAilen  sphere  and  the  earth/:/'  :;  r/o  :  r'/o';  whence 
p*—f'r^iifr.  Calling  the  density  of  lead  1 1*3, Cavendish 
obtiiiued  5*48  and  Cofnu  TyTs{)  as  the  value  of  the  earth's 
mean  density. 

f  lO.  The  KartbN  .Vttraitiou  Measured  in  Kinetic 
Unfits, — Like  any  other  fi>rce,  the  attraction  of  gravity, 
being  proportional  to  the  amount  of  motion  it  produces 
in  %  unit  of  time,  may  also  be  measured  in  kinetic  units. 
If  &  body  be  allowed  to  fall  freely  within  so  small  a  dis- 
tance of  the  earth's  surface  that  the  attraction  may  be 
re^rarded  as  constant,  we  find  that  the  acceleration  pro- 
duced is  alxmt  980  C.  G.  S.  uuits  iu  tlie  latitude  of  Phila- 
delphia. Since  a  dyne  is  that  force  which  will  generate 
one  C.  G<  8.  unit  of  acceleration  iu  a  C  G.  S.  unit  mass, 
gravity,  which  will  generate  980  units  of  ai'celeratiou  in 
this  ouit  mass,  must  be  equivalent  to  980  d^oies.  This 
acceleration  of  ;»ravity  is  ustially  represoutod  by  q, 

111.  Kvlutioii  or  the  Static  Unit  of  Force  to  the 
Kinetic  Uuit. — The  attraction  exerted  by  the  eartli  on 
xa  mass  is  m/r^  static  units.  But  the  mass  of  the 
is  014  X  10"  grams  and  its  radius  is  KVM  X  10' 
c<^Dtime<ers  ;  and  hence  /  =  1'513  X  10"  static  C  G.  8. 
tuiita.  ^low  the  value  of  the  force  of  gravity  iu  ki- 
netic uniits  i.e.,  in  dynes,  is  U80.     Hence   980  dynes  = 
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1'51S  X  10"    static   units ;  and    one  djne   is  equal   to 
1-544  X  10'  static  units. 

113.  Weight. — The  attraction  exerted  by  the  earth 
npou  a  given  masB  is  called  the  weight  of  that  inasB. 
Weight  is  therefore  a  force  and  is  measured  in  units  of 
force;  i.e.,  in  the  0.  G.  S.  system  in  d>'nes.  As  above 
stated,  the  force  exerted  by  gravity  upon  a  gram-mass  is 
980  dynes.  But  since  the  force  exerted  by  gravity  upon 
a  gram-mass  is  the  weight  of  that  gram-mass,  tlie  weight 
of  a  gram-mass  is  980  dyues.  Conversely  a  dyne  is  -^ 
of  the  weight  of  a  gram-mass  ;  or  about  1-02  milligrams. 
In  order  to  obtain  the  weight  of  a  body  in  absolute  units 
of  force,  therefore,  we  must  multiply  its  mass  in  grams 
by  the  acceleration  of  gravity  ;  i.e.,  mg  =  w.  Con- 
versely, 111  =  w/g  ;  or  the  mass  of  a  body  is  the  ratio 
of  ita  weight,  expressed  in  units  of  force,  to  the  accelera- 
tion of  gravity,  ludeed  all  the  kiueniatic  and  kinetie 
equations  heretofore  .discussed  may  be  made  use  of 
when  gravity  is  the  accelerating  force,  simply  bj  re- 
placing a  or/,  where  necessary,  by  <j. 

11«S.  Variation  of  Gravity  on  the  Earth's  Suriace.— 
It  will  be  shown  fai'ther  on  that  a  spherical  mass  of 
uniform  density  acts  upon  a  particle  outside  the  mass  as 
if  the  entire  mass  of  the  attracting  sphere  were  col- 
lected at  its  center.  If  the  earth  were  a  perfectly  homo* 
geneous  sphere  and  at  rest,  then  every  part  nf  its  sur- 
face, being  equally  distant  from  its  center,  would  have 
the  same  value  for  g.  But  the  earth  is  a  spheroid,  and 
the  diameter  through  the  poles  is  about  43  kihuneters 
less  than  the  minimum  equatorial  diameter.  Cousft- 
quentlyinthe  equatorial  regions,  which  are  fartliest  from 
the  center,  g  has  a  less  value  than  in  the  polar  regioua 
Moreover,  in  consequence  of  the  earth's  rotation,  a 
stress  is  developed  along  the  line  joining  a  particle  ou 
the  earth's  surface  with  its  center.  The  maximum 
acceleration  away  from  the  earth's  center  is  at  the  equa- 
tor, and  is  equal  to  about  y^  of  the  weight.  And  thia 
is  the  amount  by  which  the  weight  of  a  body  at  the 
equator   is  diminished  by  the  earth's  rotation.    Since 
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the  acceleratiou  toward  the  center  vanes  &b  the  square 
of  ifao  speed  of  rotation,  we  see  that  if  the  rotation  of 
the  earth  were  17  times  more  rapid,  the  acceleratiou 
"wonld  be  17'  nr  289  times  as  great ;  in  which  case 
bodies  on  the  equator  would  have  no  weight  at  all.  The 
acinni  speed  at  the  equator  being  456,510  cm.  per  second, 
the  acceleration  or  «yr  =  3-3908  cm.  per  second.  More- 
over, the  value  of  g  varies  not  only  with  the  latitude  of 
the  place>  of  observation ;  it  varies  also  with  its  height 
above  the  earth^s  surface.  At  the  sea-level,  the  value  of 
g  at  the  equator  is  978*1028  d^-nns,  and  at  the  pole 
983*1084  dynes.  The  value  of  g  at  any  place  whose  lati- 
tude is  known  is  easily  obtained  approximately  by  the 
formula 

y  =980-6056  -  2'5028  cos  2A  -  -000003^,       [24] 

where  980-0056  is  the  value  at  latitude  45°,  A  is  the  lati- 
tude, and  A  the  height  above  the  sea^Ievol  in  centimeters. 
Owing  to  irregularities  both  iu  the  form  and  the  density 
of  theeartli,  the  above  formula  is  an  enipiriciil  one  ;  i.e., 
its  constants  are  deduced  from  experiment  and  not  from 
theory.  By  its  means  the  value  of  g  has  been  calcu- 
lated for  the  following  places  : 

L<*np;lli  Value 

Plaoe.  LtitUudc.    8cc.  pendulum.        nf  ^. 

cm.  Oyiif*. 

Hammerfest 70'^  40'  N.     99-562  982-o8 

Berlin 52°  30'  99-422  981  24 

Greenu  Jrl.        bV  29'  99-413  981-17 

Paris               48"  50'  99390  98093 

New  lork 40"  43'  99-318  980-19 

Washington ZS""  W  99-307  980*06 

A»cou«iou .            7'^  56'  99-112  978-17 

St  Thomas 0°  26'  99-124  978*06 

1  It.  AtolTiodh  of  Mear^urlng  tlie  Acceleration  of 
Orurlty.— I.  Tlio  Direct  Method. — The  most  simple 
method  of  measuring  the  acceleration  produced  by  grav- 
ity would  obviously  be  the  direct  one.  Thus  we  might 
allow  A  body  to  fall  from  a  known  height  and  measure 
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the  gpeed  acquired  by  it  during  the  time  of  its  fall. 
Siuce  we  may  regard  the  acceleration  as  constant  for 
this  distance,  we  have  n  =8/t ;  so  that  by  dividing  the 
speed  acquired  by  the  time  of  fall,  the  acceleration  would 
be  obtained.  But  it  is  a  difficult  experimental  problem  to 
measure  accurately  a  speed  as  high  as  that  produced  by 
gravity.  So  we  may  make  use  of  the  fact  proved  in  kine- 
matics (33)  that  the  ^al  acceleration  acquired  by  a  body 
moving  under  the  action  of  a  constant  force  is  twice  the 
space  passed  over  divided  by  the  square  of  the  time.  Now 
inasmuch  as  it  is  quite  easy  to  measure  with  consid- 
erable accuracy  the  distance  through  which  a  body  falls^ 
a  fair  value  of  g  may  be  thus  obtained.  Siuce,  however> 
the  time  outers  into  this  expression  as  the  square,  any 
error  in  measuring  it  is  greatly  multiplied.  Hence  it  is 
customarj*  to  note  and  record  it  electrically  on  a  chroufv 
graph. 

ExAMPLB.— Thus  if  a.  leaden  ball  bo  allowed  to  fftU  throuj?li  a  *its- 
tanuo  of  20  meters,  and  the  time  of  fall  be  observed  us  2  socoodft, 
the  value  of  g  would  be  2//^'  or  (2  x  3000)/4  =  1000  wtntinieU'rs  ;  & 
value  about  20  ueiitimut^rs  too  great.  If  the  observed  time  bo  2*02 
seconds,  the  value  of  ^  would  he  978  centimeters  per  second. 

115.  The  AtAvood  Mnchinc. — From  the  kinetieal 
equation  a  —f/m,  it  is  evident  that  by  varying  the  ratio 
of  the  weight  to  the  mass  to  be  moved,  any  acceleration 
desired  ma}-  be  obtained.  In  the  machine  devised  by^ 
Atwood,  a  cord  passing  over  a  practically  frictionlesH 
pulley  carries  at  its  ends  two  equal  masses  which  alao 
act  as  scale-pans.  If  these  masses  be  represented  by 
2  J/,  and  a  mass  m  be  added  on  one  side,  the  whole  masa 
to  be  moved  will  be  27lf-f-w',  while  the  moving  force  i& 
only  the  excess  of  weight  or  Jit.  Hence  the  accoIeraHon 
will  be  m/{2M  -\-  th).  Thus  if  M  be  ten  grams  and  m  one 
gram,  the  acceleration  will  be  one  twenty-lirst  of  that  of 
free  fall ;  i.e.,  will  be  only  about  47  centimeters  per  sec- 
ond per  second.  As  in  this  apparatus  the  acceleration 
of  gravity  is  I'educed  without  altering  its  law  of  action, 
it  serves  a  very  useful  purpose  for  demonstrating  the 
prJDoiplea  oi  accelerated  motions  in  (>eneral. 


J 


ATTIiACTTON  AND  POTENTIAL. 


107 


I 
I 


110«— n.  Tbe  lutlirect  Mctbnd.— The  PeiMliiltiiu.— 

A  much  more  accurate  and  Lence  a  much  better  method 
ol  tneasiiriiig  the  value  of  the  acceleration  of  gravity  is 
the  indirect  method  which  is  based  upou  the  law  of 
the  pendulum.  A  simple  pendulum,  strictly  Kpeaktu^,  is 
onlj'  a  theoretical  one.  It  consists  of  a  heavy  particle 
suspended  from  a  point  by  a  light  inextensible  cord. 
When  at  rest  the  pendulum  hiings  vertically.  If  drawn 
to  one  side  and  allowed  to  fall,  it  oscillates  about  its 
position  of  equilibrium.  A  single  motion  in  one  di- 
rection, either  to  or  fro,  is  called  a  simple  oscillation ; 
a  motion  to  and  fro,  a  double  or  complete  oscilluticm. 
Suppose  now  such  a  pendulum  (Fig.  46)  be  displaced 
through  an  angle  ef>.  If  ^  be  its 
length,  the  arc  of  displacement  will 
be  Itfi.  Its  weight  rug  acting  vertical- 
ly at  the  point  3/  may  be  resolved 
into  two  rectangular  components,  one 
mg  ftin  0,  which  acts  along  J/^,  the 
tfvngi^nt  to  the  curve,  and  which  is 
proportional  Uj  the  acceleration  ;  the 
other  mg  cos  a,  which  acts  simply  to 
increase  the  t4^usinu  on  tlie  string. 
If  tbe  pendulum  swing  through  a 
very  small  arc.  the  angle  0  will  be  very  small  and 
the  sine  may  be  regarded  as  practically  coincident 
with  the  fuc  ;  so  that  my  sin  0  becomes  mf/0.  Moreover, 
-Hince  mgifi  =  ma^  g(/>  repreHeiits  the  acceleratiou.  Now 
it  bjui  been  already  shown  (ij-i)  that  in  simple  harmonic 
motion,  the  ratio  of  the  acceleration  to  the  displacement 
in  equal  to  the  square  of  the  angular  velocity.  But  the 
aof^lar  velocity  is  otpial  to  2rr/7\     Hence  we  have 

Acceleration       4t*         ,  4ff* , ,     r>.-, 

[25] 


Flo   4ft, 


Displacement       7" ' 


whence 


From  which    g 


=  ^-p     ami      T=2nJ 


ice  T  in  this  case  is  the  time  of  a  complete  or  double 
iillation,  the  tixue  /  o/  n  single  osciliation  will  be  ouft 
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half  this  ;  or  t  =  tt  Vl/g.  This  equation,  which  repre- 
seuts  the  law  of  the  simple  pendulum,  shows  that  the 
time  of  vibration  of  such  a  pendulum  is  proportional  di- 
reotly  to  the  square  root  of  its  length,  and  inversely  to  the 
square  root  of  the  acceleration  of  gravity.  It  will  be  noted 
that  no  term  representing  the  amplitiidc  of  the  oscillatioo 
appears  in  the  above  expression.  But  this  is  because  of 
the  assumption  above  made  that  the  sine  and  the  arc 
may  be  considered  coincident.  Isochronism  in  simple 
harmonic  motion,  as  already  stated  (55),  requires  that 
the  acceleration  be  proportional  to  the  displacement 
In  the  case  of  the  pendulum  the  acceleration  is  g  sin  0> 
while  the  displacement  is  ^0;  one  being  proportional 
to  the  sine  of  an  arc,  the  other  to  the  arc  itself.  Hence, 
strictly  speaking,  the  oscillations  of  a  pendulum  are  nut 
isochronous,  and  the  complete  equation  shows  the  time 
to  be  a  function  of  the  angle  : 


117,  The  Coiupoiiad  PeiuluUim. — Every  experi- 
mental pendulum  is  made  up  of  a  number  of  material 
particloH,  *;acli  at  a  different  distance  from  the 
point  of  suspension,  and  each  tending  to  oscillate, 
therefore,  in  a  difl'ereut  time.  The  time  of  oseilla- 
^  tion  of  an  actual  pendulum  is  the  resultant  of  tlie 
action  of  all  the  simple  pendulums  which  go  to 
make  it  up.  For  this  rea.son  all  actual  penduluruR 
are  called  compound  pendulums.  To  illustrate 
G  this  action,  suppose  the  line  AB  (Fig.  47)  i^^  repre- 
sent the  axis  of  a  compound  pendulum,  in  which 
,  ^  its  entire  mass  is  collected.  A  material  particle 
at  a  forms  a  simple  ^lendulnm  of  length  Aa\  one  at 
5,  a  simple  pendulum  of  lengtli  As.  Since  the  par- 
tides  at  u  and  h  oscillate  more  rapiilly  than  those 
at  8  and  ^  it  is  evident  that  the  former  particles 
Ib  tend  to  accelerate  the  latter,  and  the  latter  tend 
'***■*"  to  retard  the  former.  Oltviously  this  accelerating 
action  diminishes  as  we  go  downward,  and  the  retarciiug 
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action  as  we  go  upward.  So  that  at  some  point,  say 
at  Oy  these  opposite  actions  balance.  The  length  A  0 
ia  the  tme  length  of  the  carnpouud  pendulum. 

To  obtain  the  vnlue  of  this  length  by  calculation  wo  may  proceed 
as  follows  :  Suppoee  the  masaes  at  a  and  6  to  be  in  atid  m\  aud  those 
at  $  and  /  to  be  m"  und  m'".  Represent  the  distance  of  the  particle 
m  frvm  the  poiut  of  suspension  (i.e.,  the  didtauce  Aa)  by  r,  that  of 
m'  by  j',  that  of  m"  by  r",  and  ibat  of  m'"  by  j*"'.  If  the  angular 
Telocily  of  the  pendulum,  i.e.,  the  velocity  at  unit  distance  from  A^ 
be  w,  the  velocity  at  distance  r  will  be  /'a?,  aud  the  momentum  of 
the  mass  m  will  be  mrco.  For  an  equal  mass  at  O,  calling  I  the  dis- 
tance ^O,  the  momentum  wiil  be  m/cu.  The  difference  m{l—r)a>  is 
tbat  part  of  the  momentum  which  produces  an  aceelerative  effect, 
moment  of  this  momentum  with  respect  to  the  center  of  sua- 
kion  A  will  be  m{l^  r)rai.  For  the  second  accelerating  particle 
at  6,  the  moment  of  the  momentum  will  l>o  m'{l  —  r')r'a>.  The 
moments  of  tbemomentaof  the  retarding  particles  m"  and  m"\  since 
f"  and  r"'  are  now  greater  than  /,  will  be  irt"(r"— /)r"o(j  and 
m^'ir"*  —  l)r"'u).  But  thcjie  accelerating  and  retarding  action*  are 
biilanced  at  0.  Equating,  therefore,  the  sum  r>r  the  moments  of  the 
particles  above  0  to  those  below  0.  we  have 

fii(/-r)rM-|-w'(/-rV«-felc.  =  m"(r"-/)r"a)-fm''(r"  -Or'"w-f  eic. 
mr*  +  m'r'*  +  m"f"^  +  m'";-"'*  +  etc. 


.-.  i  = 


mr  +  m'r'  -*-  m"r"  +  m'"r'"  +  etc    * 


or,  as  it  is  ordinarily  written, 


1  = 


[27] 


in  which  S  signifies  the  num  of  thcie  quantities. 

But  2S(mr*),  as  we  have  already  seen  (72),  is  the  moment  of  in* 
ertia  of  the  entire  pendulum  about  A,  As  Sm  ~  J/",  and  as  we  may 
reprtN^ent  Sr*  by  A-»  {k  being  the  radius  of  gyration  or  the  distance 
from  A  at  which  the  entire  mass  must  be  concentrated  in  order  to 
have  the  «ame  moment  of  inertia  as  the  actual  peadulum),  we  may 
nprtwiui  2{mT^)  by  J/fr'or  by  f.  So  also  2(mr),  the  static  moment 
of  the  pendulum^  is  equal  to  MH:  in  which  if  is,  as  before,  the  entire 
maaE^  and  R  the  distance  AG  from  the  center  of  sus])en5ion  to  the 

OKiCer  of  moss.     Hence  /  =  — -•  =  — .    Or  the  length  of  a  compound 

pendulum  is  the  quotient  of  the  square  of  the  radius  of 
gyration  divided  by  the  distance  between  the  cen- 
ter  of   tnapension    and   the   center   of  mass.     Substi- 


PBYaiCB, 

tuting  thi«  valne  of  i  in  the  above  equation  for  the  time  of  oeoillatiob 
of  the  simple  pendulum,  wo  hove 


^  Rg         ^  MRg        ^  MRg 


m 


AS  equivalent  expressions  for  the  time  of  oscillation  of  a  compoand 
pendulum. 

1 18.  Center  of  OHclUatlon, — The  point  indicated  bv 
0  is  therefore  a  point  of  importance  in  discussing  the 
theory  of  the  pendulum.  It  is  called  the  center  of 
oscillation,  and  is  defined  as  that  point  on  the  axis  at 
which  if  the  entire  mass  of  the  pendulum  were  col- 
lected it  would  oscillate  in  tlie  same  time.  It  has  the 
following  properties  :  Ist,  it  is  interchangeable  with 
the  center  of  Huspension  ;  so  that  if,  in  the  irref^ilnr 
mass  shown  iu  the  figure  (Fig.  48),  A  be  the  center  of 
Buapension  and  C  the  center  of  oscillation,  the  pen- 
dulum will  oscillate  in  the  same  time  about 
A  as  if  inverted  and  oscillated  about  C.  2d, 
its  distjince  from  A  is  the  length  of  the  equiv- 
alent simple  pendulum,  and  a  simple  ponda- 
lum  of  length  AC  will  oscillate  in  the  same 
time.  3d,  if  struck  at  a  point  opposite  C,  the 
mass  will  oscillate  about  A  without  producing 
any  pressure  upf)u  the  axis  tlirongh  A.    Hence 

the  point  C'is  sometimes  called  the  center  of  percussion, 
4th,  if  the  body  be  supported  otherwise  than  from  ^,  as* 
for  example,  by  floating  in  water,  and  the  point  C  be 
struck,  the  point  A  will  remain  at  rest,  that  part  of  the 
body  below  A  moving  in  the  direction  of  the  blow  and 
the  part  above  it  in  the  opposite  direction.  And  5th,  its 
distance  from  A  is  equal  to  k^/AR  if  Huspendei]  at  A, 
and  to  1^/BC  if  suspended  at  C\  k  being,  as  before^  the 
radius  of  gyration  and  B  being  the  center  of  mas.s. 

119.  Energy  of  the  PentUiluni-— The  formula  of 
the  compound  pendulum  may  also  be  deduced  from  the 
energy-relations  of  its  oscillations.  We  have  seen  (104) 
that  when  at  its  highest  point  all  tlie  energy  of  a  pen- 
dulum is  potential,  and  when  at  its  lowest  point  all  its 
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energy  is  kinetic.  By  obtaining  expressions  for  these 
two  values  in  terms  of  accelemtiou  aud  time,  and  equat- 
ing tbem,  we  may  obtain  the  formula  desired.  The 
kinetic  energy  of  a  particle  m  moving  with  a  speed  a  is 
^»rw*.  But  when  the  particle  moves  about  a  center, 
»  =  rG>;  whence  the  kinetic  energy  of  such  a  particle  is 
^wir'aj',  and  the  energy  of  the  whole  body  is  ^^'(wir*)&>" 
or  i/<w\    But  w  =  2?r0/y,*  and  hence  the  kinetic  energy 


in  terms  of  time  is  i/- 


47r>^ 


2" 


The  potential  energy  is 

always  equal  to  the  mean  yulue  of  the  force  multiplied 
by  the  tUstanoe  through  wliich  it  acts.  When  the  pen- 
dulum is  at  its  highest  point,  the  acceleration,  as  above, 
is  g<f> ;  at  its  lowest  point  it  is  zero.  \^Ig<t*  is  therefore 
the  mean  force.  Since  it  acts  through  the  distance 
R0,  where  fi  represents  the  length  of  the  pendulum, 
^Mg<p  X  /?<A,  or  \MRg4>**  is  the  potential  energy  of  thia 
idulam.     Equating  these  values, 


47r'0' 
iMV-^=ziMRg<f>^; 


m 


9  = 


^=V£' '"'  '=VI' 


ifore. 


tt20.  n<^ternilnatioii  of  tli<^  Acceleration  of  Gravity 
bjr  tlicf  Peiuliiliiiii. — From  the  equations  now  given  it  is 
evident  that  by  means  of  a  peudiilum,  if  we  know  its 
length,  the  value  of  g  may  be  obtained,  since  g  =  7iH/t*. 
Two  experimental  methods  of  obtiiining  I  have  been  em- 
ployed The  one — first  employed  in  1790  bj'  the  French 
physicist  Borda — consisted  in  making  as  close  an  ap- 
proach as  possible  to  the  simple  pendulum.     For  this 

*  lo  ft  circle  of  radius  a,  the  spe^  »  of  &  particle  movinj;  uniformly 
la/T.     But  In  thi-  arc  descriliod  Uyilio  i>pndulum  ft  =  r0.  whrro  r  w 
ilength  of  ibe  jienduliim.     Hence  *  =  2ffr0/7';  aud  n/r,  which  equals 
Macular  rttlo«it7  or  a,  =  9x0/ T,  as  above. 


112 


PHTSICa. 


purpose  he  used  a  sphere  of  platinum  supported  at  the 
end  of  a  fine  wire.  The  length  of  thiB  pendulum  wu 
approximately  the  distance  from  the  axis  of  suspension 
to  the  center  of  the  sphere.  The  other  method  was  em- 
plojed  in  1818  by  Captain  Kater  of  the  British  Navy.  In 
this  pendulum,  which  was  a  compound  one,  he  availed 
himself  of  the  principle  of  reversibility,  already  men- 
tioned, which  liad  been  discovered  by  Huyghens  in  1773. 
Kater's  reversible  pendulum  consisted  of  a  thin  metallic 
rod  of  rectangular  cross-section,  having  two  steel  knife- 
edges  perpendicular  to  its  plane;  one  of  these  being  at 
a  distance  from  the  center  of  mass  different  from  the 
radius  of  gyration,  and  the  other  at  the  distance  ap- 
proximately assigned  to  the  axis  of  oscillation.  A  heavy 
slide,  movable  micrometricall}'  along  the  rod,  enabled  the 
center  of  gravity  of  the  r(»d  to  be  slightly  varied.  By 
oscillating  the  pendulum  first  on  one  knife-edge  and 
then  on  the  other,  and  adjusting  the  slide  until  the  time 
of  vibration  was  the  same  for  both,  the  distance  between 
the  two  knife-edges  when  this  point  is  reached  was  taken 
as  the  length  of  the  equivalent  simple  pendulum. 

In  order  to  determine  the  time  accurately,  a  method 
due  to  Mainm  is  generally  employed,  called  the  method 
of  coincidences.  The  pendulum  whose  period  of  oscil- 
lation is  to  be  determined  is  placed  in  front  of  another 
pendulum  connected  with  a  clock,  whose  rate  is  care- 
fully observed.  Attached  to  the  clock-pendulum  is  a 
white  surface  having  a  vprtical  black  lino  across  its  face, 
exactly  behind  the  position  of  equilibrium  of  the  experi- 
mental pendulum.  This  pendulum  is  f>et  swinging,  and 
the  time  of  its  coincidence  with  the  blnck  line  on  the 
clock-pendulum,  when  both  are  moving  in  the  same  di- 
rection, is  carefully  noted.  At  the  next  oscillation  one 
of  the  pendulums  has  gained  on  the  other  and  the  coin- 
cidence ceases  until  one  has  gained  a  complete  oscilla* 
tion,  when  it  is  again  re-established.  If  again  the  time 
be  noted,  the  data  are  at  hand  for  calculating  the  time  of 
one  oscillation  of  the  experimental  pendulum.  If  n  be 
the  number  of  seconds  as  given  by  the  clock  betweea 
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two  snccessive  coincidences,  then  in  this  time  the  ex- 
perimeutal  pendulum  will  make  n-\-2  or  n  —  2  swiugs^ 
according  as  it  oscillates  faster  or  slower  than  the  clock- 
|>eDdulum.  Consequently  its  oscillations  are  made  in 
n/\n  -\-  2)  or  n/{n  —  2)  seconds.  Hence  the  method  is 
not  only  extremely  accurate,  but  it  obviates  the  tedious- 
Det>sof  constantly  observing  and  counting  the  oscillations. 
For  example,  in  determining  the  length  of  a  pendu- 
lum beating  seconds  at  Dunkerque  in  1809^  Biot  and 
MatLieu  observed  that  70155  pendulum  nsrillationa 
were  made  in  the  same  time  as  7017*5  clock  oscillations. 
AiUiuming  the  clock  to  give  seconds,  the  pendulum  made 
one  oscillation  in  1'0002<)251  seconds.  If  an  error  of 
five  entire  seconds  be  made,  then  the  time  of  one  oscilla- 
tion would  be  1*00026253  seconds;  a  ditferonce  of  only 
O  hundred-milliontlis  of  a  second. 

1:21.  Loii^th  of  the  Secouds-pcuduUim. — In  con- 
seqaence  of  the  variation  in  the  values  of  g  at  different 
points  on  the  surface  of  the  earth,  the  length  of  a  pen- 
dulum beating  seconds  also  varies.  From  the  equation 
;  =s  jr  i^l/g  we  have  I  =  gt^/n^,  and  if  ^  be  one  second^ 
I  =  g/n*.  Hence  the  length  of  the  seconds-pendulum 
Yaries  directly  as  g^  and  is  therefore  greater  toward  the 
poles  and  less  toward  the  equati^)r.  In  the  table  on  page 
105  the  length  of  the  pendulum  beating  seconds  is  given 
for  the  places  mentioned. 

122.  Time  of  Oscillation  of  a  Pendulum  indcpen- 
ilcnt  of  Its  Mii«s. — By  the  law  of  gravitation  the  attrac- 
tion between  two  bodies  is  proportional  to  the  product 
of  their  masses.  Hence  as  the  mass  of  a  body  increases, 
HO  does  the  force  acting  upon  it,  Le.,  its  weight ;  and 
therefore  the  acceleration,  which  is  the  ratio  of  force  to 
masfl,  remains  constant.  It  therefore  follows,  leaving 
the  resistance  of  the  air  out  of  the  account,  that  all 
bodies,  whatever  their  mass,  fall  through  the  same  dis- 
tance under  the  action  of  gravity  in  the  same  time. 
Moreover,  it  will  be  observed  th/it  mass  does  not  enter 
into  the  equation  of  the  pendulum,  t  =  n  \^l^/Rg\  and 
tliia  for  the  same  reaeon.    Hence  the  time  of  oscillation  of 
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a  pendulum  is  indepeudent  of  the  raass  assumed  to  be  cod- 
ceiitrated  at  its  eeuter  of  oaciilatiou.  Newtou  made  use 
of  ibis  fact  iu  order  tin  compare  the  masses  of  different 
kinds  of  matter.  He  causinicted  a  number  of  penda- 
lums  having  light  hollow  cylinders  for  their  bobs.  whicL 
in  dififereut  experiments  could  be  filled  with  different 
kiuds  of  matter.  Que  of  these  cylinders  he  filled  wilh 
wood,  aud  as  nearly  as  possible  in  the  center  of  oscilla- 
tion of  another  he  placed  an  equal  weight  of  gold.  Sus- 
pending both  crylinders  hy  wires  eleven  feet  loug,  thas 
forming  two  pendulums  equal  so  far  as  length,  weight, 
and  figure  were  concerned,  he  found  that  the  two  oscil- 
lated in  precisely  the  same  time.  He  then  used  other 
substances,  sucli  as  silver,  lead,  glass,  sand,  salt,  wood, 
water,  corn,  and  with  precisely  the  same  results.  Hence 
he  concludes  that  this  "appears  a  method  both  of  com- 
paring bodies  one  among  another  as  to  the  quantity  of 
matter  in  each,  and  of  comparing  the  weights  of  the  same 
body  in  different  places,  to  know  the  variation  of  its 
gravity.  And  by  experiments  made  with  the  greatest 
accuracy  I  have  always  found  the  ipiantity  of  matter  iu 
bodies  to  be  proportional  to  their  weight." 

123.  Use  of  the  Peiuliiliiiii  as  a  Measurer  of  Time. 
— "Absolute,  true,  and  mathematical  time/*  says  Max> 
well,  "is  conceived  by  Newton  as  flowing  at  a  coustiint 
rate  unaffected  by  the  speed  or  slowness  of  the  motioxiB 
of  material  things."  To  divide  up  this  uniform  flow  of 
time  into  equal  parts,  and  so  to  indicate  these  parts  that 
they  can  be  made  use  of  in  observing  the  rate  of  change 
of  natural  phenomena,  is  the  purpose  of  time-keepera 
In  early  times  the  flow  of  water  was  supposed  sufHciently 
uniform  for  the  practical  purposes  of  life  ;  and  clepsy- 
dne  or  water-clocks  were  constructed  which  operated 
upon  this  principle.  The  use  of  the  peudnluin  to  regu- 
late to  uniform  motion  a  train  of  olock-work  depends 
upon  an  observation  due,  it  is  said,  to  Galileo.  At  the 
Age  of  eighteen  he  chanced  to  observe  a  lamp  suspended 
from  a  long  cord  in  the  cathedral  at  Pisa,  as  it  slowly 
oscillated  to  and  fro.  He  noted  the  variation  in  the  time  of 
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oscillation  with  the  length,  and  oonclnded  that  when  the 
amplitude  of  oscillation  wa8  small  these  oseillatiouH  were 
performed  in  aeusibly  equal  times.  It  in  to  Huygheus, 
Uowever,  in  1656,  that  we  owe  the  first  actual  application 
of  the  pendulum  to  control  the  escapement  of  a  clock. 
At  each  oscillation  a  single  tooth  on  the  escapement- 
vbeel  is  liberated  ;  and  as  these  oscillations  are  per- 
fonned  in  equal  timen,  the  surcessive  teeth  are  liberated 
nniformly,  and  the  motion  of  the  hands  is  also  uniform. 
As  has  been  stated,  absolute  uniformity  in  the  rate  of 
change  of  any  material  pheuomeuon  is  yet  unknown  to 
science.  Thus  the  adopted  standard  of  time  is  the  mean 
solar  day — the  mean  interval  between  successive  passages 
of  the  snu  across  a  giveu  meridian  ;  or,  still  better,  the 
sidereal  day — the  time  of  the  earth's  rotatiou  as  measured 
by  snccesaive  star- transits.  "But,"  says  Thomson,  "the 
ultimate  standard  of  accurate  chronometry  must  (if  the 
human  race  live  on  the  earth  for  a  few  million  years)  be 
founded  on  the  physical  properties  of  some  body  of  more 
coDSttint  character  thau  the  earth.**  Because,  according 
to  Adams,  the  earth,  rej^arded  as  a  time-keeper,  M'ould  in 
a  century  get  22  seconds  behind  a  perfect  clock  tated  at 
the  begiuaiug  of  the  ceutury.  Among  the  various  more 
couHtaiiC  stautlards  of  time  which  have  been  proposed 
are  :  1st,  the  period  of  vibratiou  of  a  piece  of  quartz 
crystal  of  specified  shape  and  size,  and  at  a  stated  tem- 
t^eratare.  2d,  the  period  of  vibration  of  a  natural  standard 
piece  of  matter,  such  as  an  atom  of  hydrogen  or  of  so- 
dium, which  is  absolutely  independent  of  its  position  in 
Uie  universe.  3d,  the  time  of  revolution  of  an  infiuitesi- 
I  siitellite  close  to  tlie  surface  of  a  globe  of  water  at 
.ttdard  density,  since  it  is  independent  of  the  size  of  the 
_  lobe.  And  4th,  the  time  of  the  gravest  simple  harmonic 
infinitesimal  vibration  of  a  globe  of  water  it  standard 
deuhity. 

ia4.  Attraction  in  Special  Cases, — We  have  seen 
(108)  that,  according  to  the  law  of  universal  attrartion, 
if  the  masses  of  two  materinl  particles  be  represented  by 
and  m',  and  if  the  distance  separating  them  be  r,  they 
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will  tend  to  approach  each  other  with  h  force  expressed 
bj  mm'/i'\  Ami  further,  that  if  m  auil  m'  be  made  unitj, 
aud  if  at  the  name  time  the  distance  he  made  uuity,  then 
obviouslv  the  attracting  force  will  also  be  unity.  Eti- 
dently  the  unit  of  force  here  employed  is  a  »tatic  unit, 
and  represents  the  force  with  which  two  unit  masses  at- 
tract each  other  at  nuit  distance.  In  the  C.  G.  S.  system 
this  unit  of  force  will  represent  the  attraction  between 
two  gram-masses  placed  one  centimeter  apart.  This 
static  unit  of  force,  as  already  stated  (111),  correspomle 
to  about  one  fifteenth  of  a  microdyne. 

The  case  of  the  attraction  mutually  exerted  between 
a  collection  of  particles  forming  a  mass  of  matter  is 
much  more  complex,  since  it  depends  also  ajxiu  the  mu- 
tual distribution,  of  these  particles.  The  problem  is  best 
attacked  by  assuming  the  existence  of  an  independent 
attraction  between  each  pair  of  particles,  aud  then  adding 
these  attractions  together  to  obtain  that  of  the  entire 
mass.  In  illustration  of  this  method  we  may  give  the 
two  following  theorem.s,  which  are  of  great  theoretical 
importance : 

1st.  -1  spherical  Jthell  of  nni/orm  tfifracttng  matter  extrU 
no  attraction  up07i  n  purtide  unthin  it. 

Let  the  point  P  within  the  shell  (Fig.  49)  be  the  ver- 
tex of  a  double  cone  of  very  small  an- 
^  gle.  The  bases  of  these  cones,  cut  from 
\l>  the  spherical  shell,  will  be  the  attracting 
masses.  If  m  and  •in'  represent  these 
masses,  and  (/,  d'  their  di.stances  from  /*, 
respectively,  the  attraction  in  one  direc- 
tion will  be  m/(V  aud  in  the  other  m'/d**. 
But  the  masses  of  these  segments,  since  the  density  is 
uniform,  will  be  proportional  to  their  volumes  ;  or,  sinoe 
the  thickness  is  the  same,  to  their  areas.  And  the  are^a 
are  proportional  to  the  squares  of  their  diameters,  or 
as  a6'  :  AB*.  Honce  the  attractions  are  ah*/ Pa*  aud 
AIP/PA^t  since  the  bases  are  equally  inclined  to  the 
axis  of  the  double  cone.  Now  geometry  teaches  ns  that 
the  products  of  the  two  segments  of  intersecting  chordift 
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I 


equal  to  eaoli  other ;  Le.,  Pa  X  PA  =  Pb  x  PB  ;  or 
Pb::PJ)  :  PA.  Hence  the  triaugles  aPh  and  APB 
are  similar;  and  Pa  :  ab::PA  :  AB,  Squaring,  we  have 
Pa'  :  at/:: PA'  :  AB';  or  abyPa"  =  AB'/PA\  Conse- 
quently  m/cT  =  myd'*,  and  the  attractions  are  equal  aiid 
opposite.  Hence  there  is  no  resultant  attraction  at  the 
point  P,  and  a  particle  placed  there  is  in  equilibrium. 
•Since  the  entire  shell  may  be  divided  into  pairs  of  seg- 
ments in  this  way,  each  of  which  pairs  mutually  balance, 
the  proposition  is  proved.  Moreover,  the  theorem  is 
equally  true  whatever  the  thickness  of  the  shell.  It  is 
iftlso  true  when  the  shell  is  made  up  of  concentric  layers 
of  different  densities,  provided  that  the  density  of  each 
layer  is  uniform. 

2A  A  apherical  sheH  of  uniform  affrncfing  matter  at- 
tracts  an  external  particle  as  if  its  entire  mass  n^re  collected 
at  the  aniter  of  thf  sjihere. 

Let  the  external  particle  be  at  P  (Fig.  50),  and  draw 
the  Vine  PO  to  the  center 
of  the  sphere  0,  cutting  the 
sarCace  at  B.  On  this  line 
lar  off  a  distance  0C\  such 
that  OP  :  on  ::  OB  :  oa 
Suppose  the  entire  surface 
of  the  sphere  divided  into 
pairs  of  opposite  segments 

with  reference  t^  the  point  C,  one  of  these  pairs  being 
ttt  .4,  A',  at  the  extremities  of  a  chord.  Now  the 
Yolumes  of  the  segments  at  J,  A'  are  proportional  to 
their  areas,  since  the  thickness  of  the  shell  is  uniform. 
Tbe  area  of  an  oblique  section  of  a  small  cone  is  the 
quotient  of  the  perpendicular  section  divided  by  the 
cosine  of  the  obliquity ;  and  the  area  of  the  perpen- 
dicular section  is  the  product  of  the  square  of  the 
flisifttice  from  the  vertex  by  the  solid  angle  of  the 
cone.     Calling  this  solid  angle  0,  the  area  of  the  oblique 

,  .       <PCA'  ,     ,   .,       <PCA' 

segment  A  is  ^^^  Q^^i 


FlO.  50. 


and  of  A\ 


If  the 


cos  OA'C 
surface-density  of  the  matter  be  e,  the  masses  of  A  and 
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^' wUlbe 


will  be 


atpCA' 


COH  f/A  i 
<7<p 


Ti  aud 


<r<f>CA'^ 


CA' 
-i^'D-r*  and 


cos  OA'C 


aud  the  attractions 
CA 


r,  respect- 


C08  OAC   PA* cos  OA'C    FA 

ively.  Since  the  triangles  POvl,  AGO  hare  the  angle 
at  €  common  and  the  sidea  about  this  angle  propor- 
tional  (i.e.,  PO  :  0A\:  OA  ;  OC  by  construction),  th(«e 
triangles  are  similar,  the   angles   OP  A  aud   OAC  are 

equal,  and -j^  =  Tjp  =  Tjii  •        Iii  the   same  way,  by 

taking  the   triangles   POA\  A'OC,  the   angles    OP  A' 

CA' 
and   0^'Cmay  be  shown  to  be  equal.     Hence 


OA' 
OP 

(Tip 


r 
OP' 


A'P 

and    the  attractions  above    given    become 
0-0  r* 


OP'^^  co^OA'C 


OP* 


But  the   triangle 


AOA'  is  isosceles, and  hence  these  two  values  are  equal 
Moreover,  for  tlie  same  reason,  the  angles  OPA,  OPA\ 
proved  above  to  be  equal  to  OAC,  0A'(\  respectively, 
are  equal  to  each  other.     Hence  the  resultant  attraction 

is  the  same  for  the  two  elements  A,  A',  being  2rt'0yr-pi  for 

each ;  and  its  direction  therefore  bisects  the  angle 
APA\  The  total  attraction  at  P  will  evidently  be  the 
sura  of  tlie  actionsalong  PO  tif  all  tho  pairs  of  elements. 
And  since  the  sum  of  all  the  .solid  angles  about  a  point 

IS  4w,  the  total  attraction  will  be  vw^r  •  B^t  the  nu- 
merator represents  the  mass  of  tlie  shell ;  being  the 
product  of  the  surfuce-deusity  by  the  area  of  the 
spherical  surface.  Hence  the  attraction  at  P  is  the 
same  as  that  of  a  mass  equal  to  that  of  the  shell,  con- 
centrated at  0 ;  which  was  to  be  proved. 

In  like  manner  it  may  be  proved  that  a  solid  sphere 
will  act  upon  an  external  particle  as  if  all  the  mass  of 
the  sphere  were  collected  at  its  center.  This  mass  will 
be  l^rV.  in  which  p  is  the  volnme-deusity.     Hence  the 
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attraction  on  a  unit  mass  at  the  distance  a  will  be 


If  ttie  particle  be  just  on  the  surface,  a  —  r^  and  the  at- 
traction is  \^pr  for  the  solid  sphere  and  4?ro-  for  the 
spherical  shell.  On  a  solid  sphere,  therefore,  the  attrao- 
tion  varies  directly  ns  the  radius ;  and  hence  gravity 
diminishes  uniformly  as  we  descend  toward  the  earth's 
center.  The  center  of  fi;;ure,  iilike  of  the  solid  sphere 
and  of  the  spherical  shell,  is  therefore  a  true  center  of 
mastt  or  center  of  gravity,  iu  so  far  as  concerns  external 
bodies ;  the  direction  of  the  attraction  passing  through 
this  point. 

The  attraction  exerted  by  the  arc  of  a  circle  of  radius 
r  upon  a  unit  particle  at  its  center  is  equal  to  rtr/r'  multi- 
plied by  twice  the  sine  <»f  half  the  subtended  angle;  or 
to  2(T  sin  i^/f.     This  is  the  same  as  the  attraction  of  a 

88  equal  to  that  of  a  chord  of  the  arc,  and  having  the 
e  density,  concentrated  at  the  mid-point  of  the  arc. 
If  the  arc  be  a  semi-circle,  the  attraction  is  2<T/r.  A 
right  line  exerts  upon  a  unit  particle  opposite  its  center 
the  same  attraction  as  a  cii'cular  arc  dru^^Ti  with  the 
particle  as  its  center  and  subtending  the  same  angle. 
The  value  of  this  has  just  been  given.  If  the  line  be  in- 
definite in  extent  and  the  particle  be  at  a  distance  r,  the 
attraction  is  Irr/r  as  above.  Since  the  attra<?tion  of  a 
Iioniispherical  shell  upon  a  unit  particle  at  its  center  is 
2>rrt-  and  is  independent  of  the  radius,  the  attraction  of 
an  indefinite  plane  upon  a  particle  at  a  finite  distance 
from  it  must  also  be  27rrr  and  be  independent  of  the 
distance  of  the  particle.  This  attraction  changes  sign  as 
the  particle  passes  through  the  ])lane,  becoming  —  St^t 
on  the  other  side.  Hence  the  total  change  from  one 
side  to  the  other  is  ^n<r.  If  we  make  the  distance  zero, 
the  unit  particle  is  now  a  particle  in  the  plaue ;  and 
since  the  surface-density  is  o",  the  total  attraction  is  ^na^ 
per  square  centimeter.  Its  direction  is  perpendicular  to 
the  surface. 
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SeCHON  II.— POTENTIAU 

125.  Attraction  and  PutentfAl  Ener^. — Potential 
eoergj  has  already  bcieu  defined  as  energy  of  posi- 
tion. We  have  seen  (99)  that  whenever  two  attracting 
bodies  are  separated,  work  is  done  upon  them  and 
energy  to  a  corresponding  extent,  is  stored  up  in  them. 
Hence  energy  of  position  is  simplj'  energy-  stored  up  in 
a  system  of  mutually  attracting  Ijodies.  As  these  bodiea 
are  separated  fartlier  and  farther,  more  and  more  work 
is  done  upon  them  and  more  and  more  potential  energy 
is  stored  up  in  the  system;  until,  finally,  the  distance 
between  them  approaches  infinity,  and  the  potential 
energy  reaches  its  maximum.  On  the  other  hand,  as 
the  attracting  bodies  approach  each  other,  their  potential 
energ}'  diminishes  and  becomes  zero  when  they  are  iu 
contact. 

It  is  not  difficult  to  calculate  the  amount  of  work 
which  is  done  iu  separating  two  attracting  bodies  to  a 
given  distance.  Calling  the  initial  distance  of  the  bodies 
r,  and  the  final  distance  R,  the  distance  traverse<l  id 
{R  —  r).  Now  the  work  done  is  equal  to  tlio  pro<lnct  of 
the  mean  force  through  this  distance.  The  initial  attrac- 
tion being  mm' /r',  and  the  final  attraction  vtm'/Tt*,  the 
mean  attraction  (geometrical  mean)  is  mm'/Ih\  aud  the 

-           .,.,,-        V    .     vim'ili  —  r)         ... 
product   of   this  by  (R  —  r)  is  ^ ;    which  is 

simply  mm'[ -^j,  the  work  done.     Thus,  foroximple, 

if  the  final  distance  bo  twice  the  initial,  R  becomes  2r, 
and  the  work  done  is  mm* /^r.  If  the  final  dit^tjinc«>  be 
infinite,  since  l/oo  =  0.  the  work  done  is  nwn'/r,  or 
double  the  former  value.  Hence  it  follows  that  if  a  cer- 
tain amount  of  work  be  doue  upon  a  system  of  two 
attracting  bodies  iu  order  to  separate  them  to  twice  their 
initial  distance  from  each  other,  exactly  twice  this 
amount  of  work,  aud  no  more,  will  be  necessary  in 
order  to  separate  them  to  an  infinite  distance. 
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l:£0.  Attraction  aiul  Ropiilstoii. — Hitherto  we  have 
supposed  that  the  couditiona  between  two  bodies  are 
such  as  to  produce  ii  teuileucy  iu  them  to  approach  each 
other;  and  we  have  assamed  that  the  streua  in  the 
interveuing  medium  consequently  is  a  tension.  But 
«d>vionHly,  under  suitalfle  couditions,  bodies  may  tend  to 
sepnrute  from  each  other,  the  medium  between  them  iu 
this  case  being  in  a  state  of  compresKion,  and  exerting 
nu  outward  pressure  upon  the  bodies.  In  the  former 
case  there  is  attraction,  and  the  bodies  are  said  to  attract 
each  other.  In  the  latter  there  is  repulsion,  ami  the 
bodies  repel  each  other.  In  l>oth  cases,  however,  work 
may  be  done  upon  the  system  comprising  the  two  bodies ; 
this  work  being  done  whenever  the  force  so  acts  as  to 
overconje  the  resistance  which  the  system  offers  to  a 
change  in  its  contiguration.  In  a  system  of  attracting 
p«rtich>s,  work  is  done  npon  the  system  when  force  is 
omployed  Ui  separate  them.  In  a  system  of  i*epelling 
particles,  work  is  done  upon  the  system  when  the  par- 
ticles are  forceii  closer  together.  So,  convei-ftel}',  the 
system  itself  does  work,  in  the  former  case  when  the  par- 
ticles npproacli  each  other,  in  tlie  latter  case  when  they 
recede  from  each  other.  But  since,  when  wr)rk  is  done 
upou  ft  aystem,  energy  is  stored  uj>  within  it,  the  poten- 
tial energy  in  the  case  of  tlie  attracting  system  reaches 
its  maximum  at  the  mai^imnm  limit  of  the  distance  ;  and 
iu  the  case  of  the  repelling  system,  its  maximum  limit 
iTAched  when  the  bodies  composing  it  are  in  contact. 

Whea  the  effect  of  a  force  is  to  separate  the  bodies 
of  ft  fiystem  and  thus  to  increase  the  dist/iuce  between 
flwm  the  force  is  called  poaitive.  In  the  contrary  case  it 
is  Ittid  to  be  negative.  In  accordance  with  this  usage. 
thft  force  of  repulsion,  aa  above  defined,  is  positive  and 
the  fiirce  of  attraction  is  negative. 

In  proportion  as  two  bodies  which  repel  each  other 
are  allowed  to  separate,  the  potential  energy  contained 
in  the  system  becomes  exhausted.  At  the  distance  r,  for 
example,  the  unexhausted  energy  is  wm'/r.  At  an  in- 
finite  distance  r  becomes  oo  and  the  potential  energy  of 
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the  B  J  stem  is  zero ;  i.e.,  it  is  entirely  exhausted.  Olv 
viously,  aB  long  as  the  sjHtem  possesses  potential  energy^ 
80  long  will  its  particles  tuintinue  to  repel  each  other 
and  so  long  will  the  system  be  capable  of  doing  work. 
The  potential  energy  of  any  sj'steui,  therefore,  always 
tends  to  diminish,  to  become  exhausted. 

127.  Potential  at  a  Point,— It  will  now  be  evident 
that  if  a  material  particle  be  placed  at  any  point  in  space, 
its  potential  energy,  if  unexhausted,  will  tend  to  diminish. 
And,  consequently,  that  the  particle  will  tend  to  move 
from  this  point  to  another  where  its  potential  energy 
will  be  leHs  than  before.  At  a  point  where  it  possesses 
no  remauiLug  potential  energy,  the  particle  would  evi- 
dently exi)erience  no  impelling  force  whatever  in  any 
direction.  Hence  it  follows  that  the  potential  energy  of 
a  unit  mass  placed  at  a  given  point,  measured  either  by 
the  work  which  has  been  done  upon  it  to  bring  it  from 
an  iuHuite  distance  to  that  point,  or  by  the  work  which 
it  can  itself  do  in  returning  to  its  initial  position,  is  an 
attribute  of  tlie  given  point  It  is  called  the  Potential  at 
the  point.  This  potential  may  be  either  high  or  low. 
When  the  a<'tiou  between  the  ]>arts  of  a  system  is  one  of 
repulsion,  the  particles  tend  to  move  from  places  of 
higher  to  places  of  lower  potential  ;  and  if  they  do  so 
move,  they  will  do  work.  The  potential  at  a  point  is 
said  to  be  zero  when  a  unit  particle  placed  there  has  no 
potential  energy.  This  is  the  case  when  the  point  is  aX 
an  infinite  distance  from  all  acting  masses. 

It  will  be  observed  that  the  direction  of  the  foroe 
acting  on  a  particle  at  any  point  where  the  potentiiU  is 
not  zero  is  directly'  opposite  to  the  direction  along  which 
the  potential  increases  most  raj^ndly.  The  value  of  the 
force  at  any  such  point  is  simply  the  rate  at  wJiieh  the 
potential  diminishes  with  the  distance.  Moreover,  the 
whole  work  done  by  the  jiarticle  in  traversing  a  given 
distance  is  measured  by  tlie  total  fall  of  potential  through 
this  distance. 

The  student  should  be  careful  to  note  the  distinction 
between  the  potential  at  a  point  in  space  and  the  poten- 
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iial  energy'  of  »  moss  placed  at  that  point.  TLe  former 
is  only  a  condition  due  to  the  existence  of  neighboring 
bodies,  defined  simply  by  the  fact  that  if  a  xmit  partick- 
were  placed  there,  it  would  require  the  expenditure  upon 
it  of  a  definite  number  of  units  of  work  to  carry  it  from 
this  point  to  an  infinite  distance  ;  the  work  being  per- 
formed either  by  or  against  the  forces  of  the  system. 
But  this  condition,  numerically  expressible  and  generally 
represented  by  T  units  of  work  or  ergs,  is  clearly  entirely 
independent  of  the  fact  whether  there  is  or  is  not  an  act- 
ual unit  particle  at  the  point.  The  potential  at  a  point 
situated  at  a  distance  r  from  a  mass  m  is  given  by  the 
equation  y=:m/r, 

128.  Gravttation-potentlal.— Since,  as  above  stated, 
an  attracting  force  is  negative,  the  work  done  by  such  a 
force  will  be  negative  and  the  potential  at  a  point  due  to 
an  attracting  mass  will  also  be  negative.  Since  the  work 
done  by  the  attractive  forces  is  done  in  approximat- 
ing the  bodies  of  the  system,  the  wr)rk  which  is  done  by 
these  forces  iu  separating  these  bodies  is  clearly  nega- 
tire.  In  order,  however,  to  avoi<l  defining  the  potential 
due  to  gravitation  as  a  negative  quantity  it  has  been 
found  convenient  to  change  its  sign.  The  gravitation- 
potential  at  an}'  point  due  to  any  mass  is  defined,  tliere- 
fore,  ttimply  as  the  amount  of  work  reqnired  to  remove  a 
unit  mass  from  that  point  to  an  infinite  distance. 

KxaMI'LES. — Suppose  a  cr.'*m-inHss  to  be  placed  upon  tbe  surface 
of  (ho  pnrth.  Since  the  earth's  niditis  is  6'U7  x  10' ccntimclers,  it 
in(  r.'  the  oxjMindilun!  of  0  37x10"  cenlimetor-gmms    of 

9ii<  li^niiist  grnvii;ttiv«  attraction,  to  remove  this  gram-inaiw 

lo  An  intinito  iii&tancr  from  tlio  oiirth.  llenee  tlie  gravitHtion-poten- 
ijftj  at  thy  earth's  surfaee.  boing  the  amount  of  work  ref^uired  to 
mnv«  A  unit  miiss  from  this  .surface  to  an  infinite  dist^incc,  in 
—  •«•»?  X  10"  griira-cptilirnotera  or  —  C  37  x  10'  x  080  ergs,  a  negative 
quantity.  But  it  has  (>een  agreed  to  call  tbe  potcatial  at  the  carth*K 
flurfiM!9  «iro.  Henoo  a  mafis  on  this  surface  poaseRses  no  potential 
unerifv.  Sinco  to  remove  a  gram-iuiiss  from  the  earth's  surfuce  to 
an  !i5tanee  would  require  the  expenditure  of  6137  x  10'  x080 

er-  '.,  which  work  would  increase  the  potential  energy  of  the 

KyKtrin  oy  that  amount,  it  is  clear  that  the  gravitatian-potcntial  at  a 
point  At  nn  hiBnitc  diftf.incv  from  the  enrfb  is  Cy',\7  v  10"  x  880  ergs. 
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129.  Difl'ercncc  of  Potential.— From  the  definition 
of  potential  above  given,  it  follows  that  if  Fbe  the  po- 
tential at  a  point  A^  and  F,  the  potential  at  a  point  J5, 
the  work  doue  in  carrying  a  unit  masH  from  ^/  to  ^  ift 
V  —  l\.  Heuce  the  work  doue  in  carrying  a  unit  mass 
from  one  point  to  another  is  measured  by  the  difference 
of  potential  between  these  points.  Moreover,  this  result 
is  entirely  independent  of  the  path  along  which  the  trau»- 
far  is  effected. 

It  is  frequentl}'  convenient  to  assume  arbitrarily  a 
zero  value  fur  the  potential  at  a  given  point  in  the  vicin- 
ity of  acting  masses.  When  this  is  done,  points  at  a 
higher  potential  relative  to  this  zero  point  are  siud  t^> 
have  a  pOBitive  potential^  ^^d  tliose  at  a  lower  potential 
are  said  to  have  a  negative  potential.  Obviously,  a  par- 
ticle passing  from  a  region  of  higher  to  one  of  lower  po- 
tential, in  tliifi  sense,  i.e.,  from  a  region  where  the  po- 
tential is  positive  to  one  where  it  is  negative,  must  pass 
through  a  point  at  zero  potential.  In  other  words,  ita 
positive  potential  energy  gradually  diminishes,  becomes 
exhausted,  and  theu  the  particle  acquires  a  negative  po- 
tential energy. 

The  conception  of  potential  may  perhaps  be  assi.sted 
by  the  auahigy  of  height  above  a  given  surface,  say  the 
level  of  the  sea.  To  raise  a  given  mass  to  a  given  height 
above  the  sea-level  requires  a  definite  expemliture  of 
work  which  is  stored  up  as  potential  energy  in  the  sya- 
tem.  It  is  in  virtue  of  this  energy  that  gravitation  OAtt 
do  an  equal  amount  of  work  in  bringing  it  down  again. 
The  potential  energy  stored  up  is  proportional  to  ita 
height.  At  the  sea-level  it  is  zero  ;  and  below  this  level 
it  is  negative.  Hence  the  gravitation-potential  changes 
sign  as  it  passed  through  the  zero-point. 

It  would  certainly  be  possible,  though  not  convenient^ 
to  estimate  distance  above  or  below  the  sea-level  in 
terms  of  gravitation-potential.  To  say  that  a  given  point 
has  a  gravitatiou-iM)tential  of  100,0(>0  gram-centimetera 
might  easily  be  understood  to  mean  that  a  gram-masH 
there  placed  would  have  this  amount  iA  p<)teutial  energy. 
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Id  which  ease  the  height  would  be  100,000  ceutimeterg 
or  one  kilometer. 

ISO.  Equipotential  HiirfHces. — Eqaipotential  aur- 
faoes  are  sarfiiceH  at  every  [uiiut  of  which  the  poteutial 
has  the  same  value.  The  potential  due  to  unit  mass  is 
the  same  at  the  same  distance  in  all  directions  about 
this  mass.  Hence  the  surface  of  an  enveloping  sphere 
having  the  unit  mass  at  its  center  is  an  eqaipotential 
surface.  Since  such  spheres  may  be  constructed  indefi- 
nitely about  the  given  mass,  an  indefinite  number  of  cod- 
eeutric  equipoteutial  surfaces  may  be  imagined,  on  each 
of  which  the  potential  has  a  value  numerically  repre- 
aented  by  the  reciprocal  of  its  radius.  E^-idently  these 
equipoteutial  surfaces  may  be  so  placed  that  one  unit 
of  work  shall  be  done  in  transferring  a  unit  mass  from 
one  such  surface  to  the  next.  Moving  a  mass  along  an 
eqaipotential  surface  or  parallel  to  such  a  surface  does 
not  involve  any  expenditure  of  work  ;  since  it  is  only 
when  the  poteutial  changes  that  work  is  done.  If,  how- 
ever, a  unit  mass  be  moved  from  one  of  the  equipotontial 
Kurfaces  above  supposed  to  the  next,  a  unit  of  work  will 
be  done.     And  if  m  units  of  mass  be  so  mored,  m  units 

work  will  be  done.     If  the  m  units  of  mass  be  moved 

03S  three  of  the  spaces  separating  the  equipotential 
surfaces,  the  work  done  will  be  3m  units.  If  it  be 
moved  from  an  equi])i>tiMitial  surface  «jf  j>otontial  Via 
another  of  potential  F,,  the  work  done  would  be  simply 
iw(  V^  —  V)  units. 

The  amount  of  work  done  in  all  these  cases  is,  as 
ha»  been  already  mentioned,  entirely  independent  of  the 
path  by  which  the  transfer  is  effected.  It  is  also  inde- 
pendent of  the  particular  points  on  the  given  equipoten- 
tial surfaces  from  which  or  to  which  the  unit  mass  is 
moTed.  If  this  were  not  so,  then  it  would  be  possible 
to  carry  the  mass  in  one  direction  by  a  path  requiring 
less  work  than  the  mans  would  do  in  returning  by  the 
other  ;  in  which  case  there  would  be  an  absolute  creation 
of  work  oat  of  nothing.     But  this,  by  the  law  of  the  Con- 
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servation   of  Energy,  is  impossible.     Hence  the  work 
doue  is  iudepeudent  of  the  path  of  transfer. 

131.  TJii<>s  and  Tubes  of  Foroc^Since  the  eqnipo- 
tential  splierical  surfaces  are  normal  to  their  radii,  along 
which  the  force  of  attraction  or  repulsion  acts,  it  is  evi- 
dent, Ist,  that  no  component  of  this  force  can  act  along 
these    surfaces,   and,  2d,  that  a   free  mass    placed  oo 
such  a  surface  will  tend  to  move  only  in  a  direction  at 
right  angles  to  this  surface.     Such  lines,  drawn  always 
perpendicular  to  equipoteutial  surfaces,  are  called  lines 
of  force.     The  tangent  to  such  a  line  at  any  point  is  the 
direction  of  the  acting  force  at  that  point.     If  the  form 
of  the  equipoteutial  surface  be  a  simple  one,  as  in  the 
case  of  the  sphere,  the  lines  of  force  are  simplj  the  radii 
of  the  sphere.     But  if  this  surface  be  complex,  the  lines 
of  force,  always  perpendicular  to  it.  will  be  correspond- 
ingly complex.     Just  as  the  space   in  the  vicinity   of 
acting  matter  ma}'  be  mapped  out  in  one  direction  by 
equipoteutial  surfaces,  so  it  may  be  divided  in  a  direc- 
tion perpendicular  to  this  by  lines  of  force,  representing 
the  direction  iu  which  a  free  mass  would  tend  to  move; 
Le.,  the   direction   iu   which   the   potential   diminishes 
most  rapidly. 

Thus,  for  example,  thft  contonr  lines  in  a  plano-t«ble  survey  rep- 
resent (iifferencea  of  level.  Where  these  lines  arc  closest,  the  slope 
in  a  direction  perpendicular  to  them  is  the  greatest.  In  other 
words,  the  full  of  thu  siirfaco  is  most  rHpid  at  the.Bo  {xiiiits,  and  a 
body  free  to  move  would  move  along  these  perpendicular  lines  from 
points  of  higher  to  points  of  lower  level;  The  nnjilogy  Af  Ihese 
contour  lines  and  lines  of  fall  to  equi|X>tential  surfaoes  and  lines 
of  force  is  quite  complele. 

If  a  small  portion  of  an  equipoteutial  surface  bo 
taken  and  lines  of  force  be  drawn  through  each  point 
of  its  outline,  these  lines,  each  of  them  perpendicular, 
of  course,  to  the  surface,  will  form  an  enclosing  tube. 
Such  a  tube  is  called  a  tube  of  force.  If  tliis  tube  of  force 
exteud  through  two  consecutive  equiputential  surfaces, 
the  areas  thus  cut  out  of  these  surfaces  measure  the  vari- 
ation of  th«  acting  force  from  one  of  them  to  the  other. 
Iu  other  words,  the  force  pel  unit  ol  iwtQi«b  ^t  the  firai 
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surface  is  to  the  furce  per  unit  of  area  at  the  second  as 
the  area  at  the  second  surface  is  to  the  area  at  the  first. 
Hence  the  product  of  either  one  of  the  ureas  by  the  force 
{>er  nuit  of  area  is  coustant.  Thut  Uuh  must  be  so  ap> 
peara  from  the  fact  that  the  given  amount  of  force  en- 
closed by  the  tube  Ls  distributed  over  different  areas  in 
the  two  cases  ;  and  hence  the  force  per  unit  of  area 
must  be  inversely  as  the  areas  them&elTes.  Unit  tubes 
of  force  contain  but  a  single  line  of  force.  And  the  rel- 
ative value  of  the  acting  forces  at  any  two  points  may  be 
obtaioed  by  noting  the  relative  number  of  lines  of  force 
which  traverse  unit  area  of  the  equipoteutial  Burfaces 
passing  through  the  points. 

13ti.  Field  of  Force. — The  region  throughout  which 
the  action  of  an  attracting  or  repelling  force  extends  is 
called  a  field  of  farce.     Such  a  field  is  traversed  by  lines 
rof  force  passing  from  points  of  higher  to  points  of  lower 
potential,    and  by   equipoteutial   surfaces    cut  perpen- 
dicularly by  tliese  lines  of  force.     The  number  of  lines 
^f  force  in  the  field  is  so  drawn  that  one  such  liiip  passes 
tlirough  each  unit  of  area  of  an  equipoteutial  surface  at 
a  point  where  the  force  has  unit  value.     Tlie  equipoteu- 
tial surfaces  are  so  placed  that  a  unit  of  work  will  be 
done  in  moving  unit  mass  from  oue  of  these  surfaces  to 
Ihe  next.     By  this  means  (1)  the  potential  at  any  point 
in  the  field   of  force  may   be   fixed  by  ascertaining  on 
twhnt  equipotentijil  surface  the  point  is  found ;   (2)  the 
toean  fprce  along  a  lino  of  force  of  unit  length  cutting 
any  number  of  equipoteutial  surfaces  is  equal   to   the 
puraber  of  surfaces  thus  cut.     If  n  be  the  number  of 
inrfaoes  simultaneously  cut,  then  V=n.    Bat  V=Fl, 
;h«  work  done  between  these  surfaces;  and  since  /  =  1, 
^  =^  F  AH  stated  ;  and  (3)  the  force  at  any  part  of  the 
Serld  may  be  determined  by  the  closeness  of  the  lines  of 
broe  ;  i.e.,  b}'  the  number  which  cross  unit  area  of  a 
5ivi*n  equipotential  surface,     If  a  field  of  force  be  nni- 
ttrtn,  its  lines  are  parallel  and  its  surfaces  plane. 

l.li*^  Oanss**  Theorem. — If    there     be    any    con- 
,inui»u8    distribution    ol   matter,   partly    wiUiiu 
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and  partly  without  a  closed  snrface,  the  niim> 
ber  of  lines  or  unit  tubes  of  force  trarersing 
the  surface  is  numerically  equal  ioAinM^  where 
M  is  the  amount  of  matter  within  the  surface. 

Suppose,  in  the  lirst  place,  a  particle  of  mass  m  at 
the  center  of  a  spherical  surface.  The  force  which  is 
exerted  per  unit  of  area  is  w/r*;  and  since  the  entire 
area  is  4  nr^,  the  total  force  exerted  is  m/r^  X  4n-r',  or 
4fl'r/i;  which  is  evidently  the  number  of  lines  of  force, 
i.e.,  the  flow  of  force,  traversing  the  surface. 

In  the  next  place,  let  the  particle  m  be  at  any  point 
within  a  closed  surface  of  any  form.  Take  any  small 
area  of  the  surface,  subtending  at  the  particle  the  angle 
a;,  the  normal  to  which  is  inclined  at  an  angle  e  to  a  line 
drawn  from  the  particle  to  the  center  of  the  area.     The 

area  is  equal  to  — -  ,  where  r  is  the  mean  distance  of 


the    particle 
m  cos  € 


cos  € 

The  normal  force   per  unit  of  area  is 


The  product ; —  X 


or  m<k>  represents 


r  T  cos  e 

the  number  of  lines  of  force,  i.e.,  the  flow  of  force,  pass- 
ing through  the  small  area  of  the  surface.  If  the  paro- 
tide is  uonipletelj'  surrouuded  by  the  surface,  the  solid 
angle  subtended  by  the  whole  surface  is  Art  \  and  the 
flow  of  force  due  to  this  particle  is  inm.  Or,  if  the  total 
mass  within  the  snrface  is  M,  the  flow  of  force  is  4nr  J/. 
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CHAPTER  V. 
PROPERTIES  OF  MATTER 

Section  I. — General  Properties. 

134.  definition  oi'Mnttor. — Matter  has  already  been 
de&ned  (2)  its  that  which  can  occup}-  apace.  It  has  also 
been  Tarioimly  defined  as  that  which  poBsesHes  iDertia, 
that  which  requires  the  expenditure  of  work  to  put  it  iu 
motiou,  that  which,  iu  virtue  of  its  motioD.  pOH.se8se8 
energy,  and  that  which  is  the  receptacle  or  vehicle  of 
on»»rj»y.  As  the  result  of  modern  invostiptation,  it  is  bu- 
licvtwl  that  luatter  is  absolutely  uuaiterable  iu  quantity 
by  any  agencj  at  the  command  of  man.  This  great 
|iriiM'iple«  which  has  been  called  the  law  of  the  Couser- 
\-jUii 111  of  Mutter  (4),  lies  at  the  biislH  of  chemistry  and 
demands  Absolute  equality  in  mass  on  the  two  sides  of 
alJ  chemical  ec} nations. 

i:W.  Slrnctiin?  of  Mailer, — Hypotheses  almost  with- 
uDt  uamber  have  been  made  as  to  the  nature  of  matter. 
"  But,"  saVH  Tftit,  **  an  exact  or  ade(iuate  conception 
of  matter  itwelf,  could  we  obtain  it,  would  almost  cer- 
tainly be  something  extremely  unlike  any  conception  of 
it  which  oar  senses  and  our  reason  will  ever  enable 
Oft  iu  ft»rm.**  Consequently  in  his  opinion,  "  the  discov- 
ery of  the  ulUmato  nature  of  matter  is  probably  beyond 
the  range  of  human  intelligence.*' 

On  the  qnestion  of  the  ultimate  structure  of  matter, 
however,  modern  physical  investigation  has  thrown  some 
light.  Two  opposite  the<vrie8  of  the  constitution  of  mat- 
ter had   alrefl^h'  hoeu  ndvauced  hr  the  aucieuta.     T\iG 
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one,  that  of  Lucretins,  supposed  matter  made  np  of  inJi- 
yiaible,  hard  atoms,  infinite  iu  number,  of  different  shapes 
and  iu  rapid  motion.  The  other,  that  of  Anaxagoras, 
maintained  the  homogeneity  and  continuity  of  matter, 
aud  asserted  that  matter  is  infinitely  divisible.  Neither 
of  these  tlieories,  at  least  in  its  entirety,  is  accepted  by 
modern  science.  Indeed,  "the  theory  that  bodies  ap- 
parently homo^'eueouH  and  continuous  are  so  in  reality," 
says  Maxwell,  '*is,  in  its  extreme  form,  a  theory  incapa- 
ble of  development.  To  explain  the  properties  of  any 
substance  by  this  theory  is  impossible."  The  more 
common  view  at  present,  apparently,  regards  matter  as 
continuous  and  compressible,  but  intenaely  heterogene- 
ous (Tait).  And  Thomson  has  shown  that  on  this  as- 
sumption it  is  possible  to  account  by  gravitation  alone 
for  most  of  the  phenomena  now  attributed  to  molecular 
action. 

Another  hypothesis  of  the  constitution  of  matter  has 
recently  attracted  attention  ;  namely,  the  hypothesis  of 
vortex  atoms.  It  is  based  on  a  remarkable  investigation 
by  von  Helmholtz  upon  vortex  m«)ti(m;  in  which  he 
proved  that  the  rotating  poi^tions  of  a  perfect,  incompres- 
sible fluid  maintain  tln^r  idt>nt!ty  forever,  being  neces- 
sarily arranged  in  continuous  endless  filaments,  forming 
closed  curves.  Such  vortex  filaments  are  true  atoms  since 
they  cannot  be  dinded  ;  but  the}*  are  not  hard  like  the 
atoms  of  Lucretius.  Thoniw^n  was  led  by  these  results 
to  offer  the  theory  tliat  matter,  as  it  appears  to  us,  ie 
merely  the  rotating  portions  of  the  medium  which  fillii 
all  space. 

KxPERiMC.vr. — The  nearest  approach  to  a  vortex  filament  whiob 
cnn  bo  obtained  exporirocntiilly  is  a  smoke-ring.  If  a  circular  bole 
be  made  in  one  sid«  of  a  pHper  box,  for  example,  and  the  liox  b« 
filled  in  any  way  wilh  smoke,  then  on  tnppin;?  sharply  the  sido  0|^ 
posit«  Ihe  openinjc,  a  visible  vortox  ring  \&  projecfod  fmm  it.  Bf 
using  two  boxes,  the  mutual  collision  of  two  such  rings  may  be 
shown.  Thoy  rebound  aftor  impinginij  on  each  other,  and  vibivvto 
to  and  fro  as  if  tliey  were  rings  of  india  rublxir. 

I3«>  Subdivisions  of  Matter.— Matter,  like  every 
"^tiher  physical    quantity,  can  be   measured  ;  and  since 
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quantitj  of  matter  is  called  mati,  matter  is  measured  in 
units  of  mass.  It  iH  HometimeH  cuuveuiout  to  use  tlie 
word  maM  in  a  more  restricted  seuse,  as  referriug  to  a 
definite  portiou  of  matter ;  as  when  we  speak  of  a  mass 
of  iron  or  of  granite.  Auy  portiou  of  matter  appreciable 
to  the  senses  may  hi\  c*alle<l,  in  tliis  sen»Cj  u  ruass  of 
matter.  And  therefore  it  is  correct  to  speak  of  the  mass 
of  a  mass  of  lead. 

All  masses  are  capable  of  subdinsiou»  although  not 
indefinitely.  A  limit  is  ultimately  reached  in  the  pro- 
cess beyond  which  the  identity  of  the  substauce  is  losfc. 
The  limiting  particle  thus  reached  is  called  a  molecule. 
Bo  that  a  molecule  may  be  defined  as  the  smallest  quan- 
tity of  a  substance  which  can  exhibit  the  projierties  by 
which  that  substauce  is  identified. 

ItxcTBTRATiON. — Tlius.  foF  cxaiuple,  if  a  niRss  of  salt  be  itround 
in  a  mortar,  the  smallest  piirticlt*  iuto  which  it  can  bo  divided  by 
this  mechaniciil  procuM  ift  atill  vi:4ible  under  the  microscopu  and 
remains  a  mnss.  But  if  the  Mil  Iw  uuw  dissolved  in  water,  its  par- 
ticlis.  n«  such,  am  no  Inngor  visible,  though  the  solution  retaiiis  the 
tiwte  and  other  prop<»rlic'3  of  the  salt.  Ucnce  the  partieles  into 
irhloh  Ike  ftalt  va  now  divided  are  called  molecules. 

The  science  of  chemistry  eonsidors  it  necessary,  in 
order  to  explain  the  phenomena  which  it  investigates, 
to  assume  a  still  further  subdivision  of  matter.  The 
[octde,  which  ia  the  ])h>'8ical  unit,  is  assumed  by  the 
>mist  to  bo  rtlso  capable  of  division,  this  division  re- 
iffuJtiiig  in  a  complete  change  of  properties  in  the  sub- 
ice  operated  on  and  two, or  more  different  kinds  of 
:er  being  ])r»>duced  thereby.  These  still  smaller 
|uirtiulea  which  are  reached  by  the  subdivision  of  mole- 
cules an^  called  atoms.  And  an  atom  is  defined  as  the 
smallest  quantity  of  simple  matter  which  can  enter  into 
the  composition  of  the  molecule. 

Illcstration. — Tluis,  for  pxniuple.  the  molecule  of  salt  above 
DMmtionvd  when  Bubjecte<l  to  chemical  processes  yields  two  distinct 
kiDiU  of  matter,  sodium  and  chlorine,  both  entirely  difTorent  in 
properties  ftxim  the  judt  it8*>lf.  Hence  the  »alt  molecule  is  said  to 
be  made  up  of  sodium  .-vtonui  and  uf  chlorinr  atom.s. 
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Matter^- 
to  he  »A^  «p  of  Boleen^ 
■r«<««aM.     UUieaole  .„ 

9M  id  ihm  MMe  kiml,  tbe  mass  at 


M»««r. — The  ebemiBt 
of  Afttfttf,  based  on  its 
■>■»  MoleenleA  are  made 
op  of  like  skms  is  called  BK|Ae  nuUter;  while  if  it  bt 
«p  of  itf  ■  of  ddfeKeftt  kiads  it  is  called  conpnai 
Bf  oi—lwBiBg  tfw  t«o  cUwrilScatioas  we  sec 
Ifcsi  wUter  aaj  be  dhided  isAo  boaogeneoiis  sinip]e> 

■  »-_  simple,  and  het- 


iLLBRmcncMt— f<)>^  exmafile,  aerarfia^  to  tfaU  rimaiflcatiM^ 
irao.  salptar,  axjees,  awiU  ba  Mo^  bocaQgeaeoiu  fociM  of 
laatur;  Mifc,  valar,  ^oarta.  woald  b*  coafnand  konogeatom; 
bma  and  air,  Maifile  bflsuViiMOiH  ;  aad  glaaK.  ginnpowder,  and 
panite,  coinptKiiid  betengeaeiMM  labetaaee^ 

139.  ElpnieDtnrr  Matter. — Sinee  massea  are  made 
up  of  molecules,  the  number  of  beterogeneons  snhhtiiDrejt 

would  *Miem   to  be  iwliinited.     Tbe   namher  u(  ]•- 

gebeou«  substances,  bowever,  Hinee  each  has  a  m^- 
peculiar  to  itnelf,  is  limited  by  the  uomber  of  such  < 
cnleii.      Moreover,  if   we   restrict   ourselves    to    - 
molecules,  tbeu  the  number  of  such  moleculett  is  i  i 
l)V  the  number  of  distinct  kinds  of  atoms  iu  existeiit-r. 
Tliu«  far  the  cbemist  has  succeeded  in  establishing  (be 
existence  of  only  about  seventy  different  kinds  of  hnmo- 
,geuf*ouH    simple     matter.       These    substances    he    calls 
'•lementfl.     Only  elemeuts  can  have  atoms,  and  each  ale* 
lueut  has  its  own  )>ecaliar  atom.     Heuce  there  are  ns 
many  kindg  of  atoms  as  there  are  elements;  Le,,  about 
sevouty. 

Ill  the  present  philosophy  of  chemistry  it  is  supposed 

that  in  ^<'ueral  an  atom  cannot  have  a  free  and  separate 

ixistoncn,  but  that  in  order  so  to  exist  it  must  combine 

ith  another  atom  either  like  or  unlike  itself,  aud  tbos 
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form  a  molecule.  So  that  whether  the  matter  be  simple 
or  ootn]»onu(],  it  is  equally  true  that  tlio  luolecule  is  the 
smallest  quautity  of  it  which  cau  exist  iu  u  free  or  uu- 
combiued  stjite  in  nature.  The  identity  of  elementary 
matter  would  seem  therefore  to  reside  iu  the  atom,  while 
the  tdeutity  of  compound  matter  would  appear  to  reside 
ill  the  molecule. 

140.  HlmpUcIty  of  ConMtttution  of  Matter  In  tlie 
4KIK  State. — Matter  is  kuowu  to  uk  iu  three  states. 
the  solid,  the  liquid,  and  the  gaseous  states,  as  will 
ar  more  fully  hereafter.  The  last  of  these,  the 
as  state,  has  been  proved  on  inveHtigatiou  to  have 
a  constitution  of  extreme  simplicity.  In  the  first  place 
the  particles  themselves— or  molecules,  as  we  may  call 
th4*m — of  all  the  various  species  of  matter,  when  reduced 
to  tlie  state  of  vapor,  are  apparently  perfectly  similar  in 
shape  and  equal  iu  size ;  and  in  the  second,  it  would 
Appear  from  the  phenomena  of  the  change  of  volume  in 
fjases  by  change  of  temperature  or  pressure  that  tlie  con- 
fititotiou  of  tLe  mass  is  also  precisely  the  same  for  all 
substiinces  when  they  are  in  the  vaporous  state.  Hence 
the  law  of  Avngadro :  All  substances  when  iu  the 
utate  of  vapor  contain  in  the  same  volume  an 
qnnl  number  of  molecules.  From  this  it  follows 
',  of  course,  that  the  molecular  mass  of  any 
s  directly  proportional  to  its  density  in  the  gas- 
»oiia  state.  Now  Hofmann  has  shown  that  when  one  vol- 
of  chlorine  gas  uuites  with  one  volume  of  hydrogen 
ornt  two  volumes  of  hydrogen  chloride  gas,  if  we 
n  molecules  in  the  one  volume  of  each  gas,  there 
•  2«  molecules  in  tlie  two  volumes  of  the  product. 
'O  each  molecule  of  hydrogen  chloride  contains 
t  least  two  atoms,  one  of  hydrogen,  the  other  of  chlo- 
ae,  tbo  2n  molecules  will  contain  An  atoms ;  2n  of  which 
^fll  be  hydrogen  and  2ii  cliloriue.  But  the  2n  atoms 
me  in  each  case  from  the  n  molecules  originally  taken, 
molecule  of  hydrogen  therefore  must  have  con- 
at  least  two  atoms  of  hydrogen,  and  each  molecule . 
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of  chlorine  two  atoms  of  chlorine.     In  the  gaseons  stAte 
the  molecule  is  in  general  a  diatomic  one. 

Upon  this  reasoning  chemistry  bases  the  determina- 
tion both  of  molecular  and  of  atomic  mass.  Density  ia 
deiined  as  the  amount  of  matter  in  the  unit  of  volume. 
The  ratio  of  the  muHses  of  two  cubic  centimeters  of  dif- 
ferent gases  is  in  the  C.  G.  B.  system  the  ratio  of  their 
densities.  But  since  in  equal  volumes  the  number  of 
molecules  is  the  same  for  all  substances  in  the  gaseouii 
state,  this  ratio  of  the  masses  of  equal  volumes  is  also 
the  ratio  of  the  molecular  masses.  Knowing  the  ratio  of 
the  molecular  masses,  the  atomic  masses  must  ulsu  have 
the  same  ratio,  if  the  molecules  are  similarly  consti- 
tuted. 

Illustration. — For  example,  the  mass  of  a  cubic  centimeter  of 
bydrogen,  i.e.,  its  density,  is  -OOOOSOfl  gram ;  that  of  A  cubic  oeoti* 
meter  of  oxygen  is  000143  gram.  Tbe  ratio  of  these  deositius,  i.o., 
the  relative  masses  of  these  two  gaaes  ooutAined  in  unit  of  volume, 
is  16.  Henoc,  Hincc  there  is  the  same  number  of  molecules  in  a  cubic 
centimeter  of  ench  gtis,  the  molecular  mass  of  oxygen  roust  be  IS 
times  that  of  hydrogen.  And  further,  since  each  of  these  gAMt 
contains  the  sutne  number  of  atoms  in  its  moloiude,  tbe  atomic 
ma.'tses  of  the  two  are  also  in  tbe  ratio  of  IB  to  I.  If  \re  assnroe 
unity  for  the  ntomic  mass  of  hydrogen,  its  molecular  mass  will  ob- 
viously be  2,  and  that  of  oxygen  will  be  32. 

141.  Ab.solute  Size  of  Moloctiles. — Perhaps  in  no 
direction  have  our  ideas  under^'oue  more  nwlical  modi- 
fication in  recent  times  than  in  that  of  the  molecular 
constitution  of  matter.  In  1835  Cauchy  showed  mathe- 
matically that  in  order  to  account  for  the  dispersion  of 
light,  it  is  necessary  to  assume  a  granular  structure  for 
mutter.  ARSumiug  that  the  diameter  of  the  granuIatiouH 
cannot  vary  much  from  one  ten-thousandth  of  the  length 
of  the  shortest  light-wave,  and  that  this  light-wave  is  & 
two-thousandth  of  a  centimeter  in  length,  we  have  one 
two-huudred-millionth  of  a  centimeter  on  this  hypothesis 
as  the  distance  from  the  center  of  one  molecule  to  the 
center  of  a  contiguous  molecule  in  glass,  water,  or  other 
transparent  substance.  Sir  William  Thomson,  from 
data  furnished  (1)  by  the  attraction  of  zinc  and  c-opper 
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%iieT  contact^  (2)  by  the  exteusioii  of  >l  soap-tihii,  nud  (3) 
by  the  kinetic  theory  of  gases.  ha»  ooududed  that  the 
diameter  of  tht>  uiolernl^H  of  h  i^iiK  rHiiiiot  he  leKH  than 
one  five-huDdrecI-tuilliouth,  aud  of  tin'  molecules  of  a 
Solid  or  liquid  not  less  than  from  th*^  one-litindred-and- 
forty-millionth  to  the  four-hnndredaud-Hixty-millionth 
of  a  centimeter.  Hence  the  numher  of  such  molecules 
ill  one  cabic  centimeter  of  any  gas  cannot  be  greater 
than  aix  thousand  million  million  million  (6x10**); 
ftnd  in  one  cubic  centimeter  of  tlie  average  solid  or 
liquid  not  greater  than  fr<im  tliree  million  million 
bnillion  million  as  a  minimum  to  a  hundred  million 
vnilliou  million  million  as  a  maximum  (3  X  10"  to  10"). 
"Jointly  these  results  establish,"  says  Thomson,  "with 
"what  we  cauuot  but  regard  as  a  very  hi^h  <le^ree  of 
|irobabi]ity,  the  coucluHion  that  in  any  onliuarj  liquid, 
trftnsj>arent  solid  or  seemingly  oi>a»]uo  solid,  the  mean 
distance  between  the  centers  of  contij;uous  molecules  is 
,lei$K  than  the  bundred-millionth  aud  greater  than  the 
IwiKthousand-millionth  of  it  centimeter." 

iLLrftniATiONS.  — The  niiniinnm   imrlicio  visibli*  to  I  lie  cyo  is  a 
mbc  one  four-lhoiiAandth  of  a  inillinicter  on  h  side.     But  such  n 
rubr  coiitniiKs  from  sixty  tr»  une  huadreU  iiiilliiMi  iuolw!uU».s.     The 
WhX  orjcrtTii/<*<l  jmrticle  visible  ^n^dcr  ihi*   mic-roscopo  c«uitaii)s 
t  two  milliun  orjirrvnie  molei'iilus  (Muxwrll).     And  t'mtikcs  hft--* 
te(l  thai  lt^  count  thn  niotecules  in  ii   pin's   hc*ud,  MijfpoHiii); 
\  million  art*  counted  wvery  socoud.  wtnild  tvqiiire  two  hun- 
und  flfty  thousand   yoars !     MorMovor  we  n)rty  I'ontrust  the 
of  ordinary  gust,  wl»ich  contains  8  x  10*"  distinct  moloculeft 
cubic  inrh.  witit  that  of  spaeo.  whopc  it  is  calculated  tbrtt 
only  nnw  molecule  in  10"*  cubic  miles! 

14:?.  invisibility  of  fttnttor. — These  accepted  facts 
r>f  science  may  help  to  s<?t  at  rest  speculations  upon  the 
cli\i»ibility  of  matter,  by  showing  that  while  the  maxi- 
um  division  chiimed  for  any  form  of  matter  falls  far 
phort  of  the  actual  reality,  yet,  on  the  other  hand,  there 
fxistft  a  perfectly  deiinite  and  tinite  limit  beyond  which 
Kubdiviiiiou  cannot  be  pushed  without  destroying  the 
fclentitj  of  the  substance  ojx-rated  n]ion.  Thus  Leslie 
Utllaof  a  grain  of  musk  whirh  |»ei*fiiificd  a  large  room 
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for  tweuty  years  imd  must  therefore  <lnrii}^  (Imt  time 
have  been  subdivided  iuto  3*i()  (juudrillious  of  jtarticleSf 
as  an  extruoi'diiiary  iustance  of  the  divinibility  of  matter. 
But  even  if  we  HUppose  this  uuuiber  to  luttuu  3*20  X  10", 
its  greatest  possible  value,  we  no  ruore  thaa  n»ach  tlie 
probabh^  size  of  material  molecules  as  calculated  hv 
Thomson. 

142^,  Iiiipeiietnibllity  of  Matter. — The  sa]>positiou 
that  two  portions  of  matter  cannot  occupy  tht*  same 
portion  of  space  at  the  same  time  cau  be  made  only 
provisionally.  When  a  stone  is  immer^ed  in  wator,  the 
M'ater  is  displaced;  and  oarefnl  uieuHureiueuts  show  that 
the  volume  of  the  water  displaced  is  exactly  equal  to 
the  volume  of  the  stone.  Indeed,  as  Archimedes  was  the 
first  to  sliow,  tills  is  one  of  the  most  accurate  methods 
of  measurinj;  the  volume  of  an  irregular  solid.  If,  how- 
ever, the  body  immei*sfMl  be  porous,  then  the  water  does 
penetrate  what  w«»uld  ordinarily  be  called  the  spaws 
occupied  by  the  body.  Eveu  in  the  case  of  liquids, 
which  are  not  porous  to  the  eye,  there  is  interpeuetrA- 
tiou  ;  us  is  shown  when  equal  volumes  of  ah-ohid  nod 
water  are  mixed  and  the  resulting  volume  is  observed  t<i 
be  several  per  cent  less  tlmii  the  sum  of  the  coustitneut 
volumes.  Hence  a  distinction  lias  been  drawn  between 
sensible  aud  physical  pores.  Hydrogen  gjw?  will  pass 
freely  through  a  plate  of  the  most  compact  ^a])hite, 
and  carbon  monoxide  througli  hot  plates  of  solid  iroti. 
Water  has  been  forced  through  globes  of  lead,  of  silver, 
rtud  of  gold.  In<leed  if  by  physical  pores  is  meant  the 
space  separating  contiguous  molecules,  then  there  seems 
room  for  indefinite  interpeuetratiou,  since  Tait  assumes 
it  as  probable  that  the  molecule  itself  »loes  not  occuj)y» 
so  much  as  five  per  ceut  of  its  share  of  the  wliote 
space.  Farther,  wbether  two  molecules  can  occupy  the 
sjiine  space  or  not  depends  in  the  same  Avay  upon  the 
4;haracter  of  their  atomic  constitution ;  and  so  on  ia* 
defiuitel}'.  "  We  have  no  esperimental  evidence,'*  a«3'» 
Maxwell,  **  that  two  atoms  may  not  sometimes  coincide. 
For  in.stance,  if  oxygen  and  hydrogen  combine  to  form 
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wati^^r,  we  bare  uo  experimental  evidence  tlmt  tbe 
I  molecule  of  oxygen  is  net  in  the  veiyHame  place  witli 
'the  two  molecules  of  hydrogen.*' 


Section  II. — PmjpERTiEs  of  Soudb. 

144.  I>«finitian  of  a  Solid.  —  In  the  chapter  on 
Dynamics  when  discusuiu^  the  action  of  force  upon 
matter  it  was  always  assumed  that  the  bodies  concerned 
were  perfectly  rigid ;  i.e.,  that  they  suttered  no  distor- 
tion under  the  action  of  the  force.  Bodies  possesHing 
rigidity  to  any  considerable  extent  are  called  solids. 

145.  Properties  of  Solids. — In  the  solid  state  of 
matter  the  attraction  of  cohesion  between  the  molecules 
reaches  a  maxiinuiu.  Hence  those  properties  of  matter 
which  depend  upon  cohesion  are  highly  developed  in 
solida.     These  are : 

1.  Hardn^sfi,  measured  by  the  power  of  a  body  to 
abrade  another.  M(»hs*M  scale  of  hardness  consists  of 
like  following  minerals :  1.  Talc.  2.  Solenite,  3.  Calcite, 
4-  Fluorito,  5.  Apatite,  i),  Adularia,  7.  Quartz,  f*.  Topaz, 
9.  Bapphire,  10.  Diamond.  Eacli  of  these  substances 
will  acratch  all  those  placed  before  it  in  the  scale.  An 
uukuown  mineral  if  it  will  abrade  fluorite  but  not 
ii|Mitit«  has  a  hardness  represented  by  4*5  of  Mohs's 
DcaJe. 

2-  MaUeaffiUty ,  the  property  of  beinf;  extended  in 
'fiurfai^  nnder  the  hanimnr.  Thus  gold  is  beaten  out 
intj>  leaves  h'i  thin  as  to  be  transparent,  tlie  thickness  of 
which  does  not  exceed  tlie  120-thouHandth  ])art  of  a 
continieter. 

3*  />wWr7j///,  the  property  of  being  extended  in  length 
l>y  drawing  through  a  plate.  The  operation  of  wire- 
<lmwiug  consists  in  drawing  the  metal  through  success. 
irely  snialler  liolea  in  metal  plates.  Corundum  and 
even  diamond  plates  are  used  for  the  smaller  siiisos.  In 
thiM  way  Wollaston  succeeded  in  producing  a  wire  of 
platinum  seventy-five  millionths  of  a  centimeter  in  di- 
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4.  Pinsficity,  the  property  of  cbaugiug  form  under 
coutiauouB  HtreHM  withniit  developiug  reaction.  Wet 
clay»  cobbler's  wux,  uiul  i.ce  iire  pxuinpIeH.  The  earth 
itself,  tliougli  jippnrently  rif^id.  Iihs  been  shown  to  be 
more  plastic*  under  the  tidal  attraction  of  the  moon  than 
a  gloW  of  ghiHs  of  the  same  size.     (Tjiit.) 

5.  Tenactfi/f  njeasured  by  the  8tresH  requiretl  for  tbe 
rupture  of  a  mass  of  given  croHii-sectioji.  Tlie  tenricity 
of  several  substances  is  ^ven  in  the  folh^wiug  table  : 


Subsluucc.  TeMucilv. 

Gold 0-27 

Silver 0-3 

Copper  (hard) 0'4 

(annealed) 0-3 

Iron fHJ 


SubHtAUt'C. 

steel . . . . 
Oak    ... 
Teak   ... 
Fir 


Tciiocliy. 

...  o-« 

...  01 
....  01 
...  0-07 


tilasa   {)iM\ 


By  multiidyiug  these  values  by  *JWO  X  UV,  the  tenacity 
will  be  obtained  in  dynes  per  H(|uare  eentiuiettn*. 

14«.  Klustirity*  —  EhiKtifity  is  usually  ilefiued  uh 
that  property  (d  a  body  in  virtue  <»f  which,  nftnr  its  size 
or  shape  has  been  altered  by  the  action  of  force,  it 
arts  af^ainst  the  foroe  Jind  rnturuH  in  iU  orit^inal  sixe  or 
shape  mnre  nr  less  comi)]et''ly  up*>u  the  reiuoval  <>f  the 
force.  In  other  words,  it  is  the  stress  which  is  railed 
out  in  II  body  when  subjected  to  strain. 

Solids  may  obviously  hav*«  two  sorts  of  eliiHticitj' 
<Hirrosp<Midiug  to  two  sorts  of  strain.  In  the  one  can* 
there  is  a  (>hat»ge  of  size  strain,  called  compression  or 
dilatation  ;  ami  the  artive  stress  produced  by  it  is  called 
Tolume-elastioity.  In  the  other  case  there  is  a  cbnnge  «>f 
shap*' strain,  called  distortion;  and  the  stress  which  it 
calls  out  is  referred  to  as  ehisti<4ty  of  fi>rm  or  rigidity. 
The  term  rigidity  therefore,  in  its  strict  sense,  meann  the 
resistance  which  a  solid  opposes  to  a  change  of  form, 
the  term  incompre&Bibility  bein^  use<l  to  denote  the  resist- 
ance offered  to  a  change  of  bulk.  Iti  ordinary  lan^nage. 
however,  bodies  which  oHnr  ^reat  resistance  to  either 
kJntl  of  fttrnin  are  called  viv^vd  ^Kidies.     In  this  discos 
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flioti  we  shall  aKHnme  the  matter  coucerued  to  be  liomo- 
geueoQH  au<l  iMotropic ;  this  latter  teriu  signifying  that 
the  mftttor  has  the  sjiine  propertieH  lu  nil  directions. 

147.  Volume  El»!*ii<'il.v, — When  uii  elastic  solid  18 
submitted  to  a  pressure  whicli  is  equal  in  all  directioun 
and  which  is  alwnj'H  normal  to  its  surfuro,  its  volume  is 
altered  but  not  its  fcjrni.  The  diuiinution  in  volume 
thus  produced  is  fa!l*'d  the  compression,  and  the  ratio  of 
the  compression  per  unit  volunn'  to  the  pressure  applied 
(moasurt'd  in  unit:^  of  force  per  unit  of  .surface)  is  called 
the  compressibility.  The  reciprctcal  of  this  measures  the 
iiicomprussibilitv  ;  Le.,  tlie  ▼olnme-elasticity. 

Thn^.  if  I'  l*e  the  iniliwl  voUuiu'  lunl  K—  r  tin-  liiiul  voluuu',  the 
etmi(>r*.'s»ioti  in  r,  ntid  thi'ronijiivssii>ii  per  unit  vohiinu  U  v/V.  If 
P\n'  the  pressure  i>or  unit  of  jiir.i,  iho  coiiiprt'sflibility  ia  v/PV;  ami 
tl»f  ri-cif»rocjil  of  this,  or  PV/c,  is  the  eocfticicnl  of  ulnsticity  of  vol- 
ume :  iwunlly  repr*»ftnnl*Ml  by  k. 

14M.  Kiuiility* — By  simple  ri^^^dity  is  meant  a  resist- 
ance  to  distortion  solely;  the  vulnnn*  remaining  un- 
changed. A  stress  which  produtvs  clmni^e  of  fi»rm  *'idy 
without  alteration  of  volume  is  ealled  a  shearing  stress, 
And  the  resulting  dist^o'tion  }i  shearing  strain  (-(11).  In 
the  case  of  a  simple  shear  one  plaiin  in  thi'  solid  is 
fLx(»d»  while  all  parallel  planes  are  displaced  )):irHll<  I  to 
thomselveH  and  in  the  same  direi-tiiru.  t1irf'U<;h  spaces 
whieh  are  pro)M»rtional  to  tlu'ir  distjuu-es  fr<»m  tlw  fixed 
plane.  The  ratio  of  the  displacement  to  the  distance 
from  the  fixed  plane  is  takeji  as  the  measure  of  the 
9»hear;  and  the  ratio  of  the  slieaiin^'  stress  per  unit  of 
areA  to  the  shear  produced  by  it  is  called  the  coefficient 
of  simple  rigidity  of  tlie  solid.  This  coefficient  is  usually 
<I<>uott*d  by  u, 

Ttnu  U  a  pile  of  ourU^  of  ihiokfx^Ks  AB  (Fi^.  51)  In*  forced  from 
lh«  prqMMsiifiilar  poBilioti  AJt  into  ihe  ob- 
hque  one  BE  hy  n  taniceiiltal  force  P  ap- 
pU'  ■  .\F,\\\fu  if  .</<n'Tnniri^  iinal- 

Mttie  will  ntit  ti«^  chaii^'td.  w\\\\o 


tei 

th>*r<;    »iviU    l>n   tli-^tnrliou,    n    sinipir   shear. 

The  nuio  AV/AB  will  mcnanm  l\\v  shear; 


rio.  51. 


I  and 


and  il»«  mtio  77*~7a' 


nr 


P'kAJ) 

— ^—  Mil/  /x*  «,  the  coofRcieivt  ot 
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Strictly  speukiDg,  however,  the  volnme  is  chuiipMl  in  the  abotn 

examplu.     In  simple  shear  tli«  shortened  and 

iDnglliciuMi  (lianietcrs  nhvjiya  I'ormiin  coincifleni 

with  the   uri^iuul  dtHmelt!r>;    -as  in  the  &g:urv 

(Fig.  fti),  in  which  the  distortctl  solid  is  repre- 

aeiited  id  doited  liaes.    Obviously  the  shenrin^ 

striftiu  may  be  uctisured  by  the  chAQge  in  th« 

right  nngle  of  the  solid.     Ami  the  rfttio  J*/*. 

in  which  0  represent:^  this  change  of  angle,  ks 

.    sheariiiK  stress  .  ^  . 

the  ratio  -; — -r-. r— ^.  or  n,  the  eocflicient  of 


Fio.  o& 


shearing  stfHiu 
Bimpic  rigidity. 

149.  Torsion. — If  the  diHtortiug  force  be  applied  to 
one  end  of  a  cyliudiical  solid^  and  ibis  force  be  of  the 
nature  of  a  couple,  the  effect  will  be  to  rotate  the  suc- 
cessive layers  about  the  axis  ami  thus  produce  a  simple 
sliear.  Since  the  volume  is  not  altered,  there  is  change 
(if  form  onIy>  iuid  ri^dity  alone  is  concerned.  Lu  this 
case  the  displacement  is  a  circular  one  along  an  arc  of 
the  cylinder,  and  the  shear  Avill  be  measured  by  the  ratio 
of  the  subtended  angle  to  the  length  of  the  cylinder. 
Such  a  diflplacement  as  this  is  called  a  twiit  or  torsion ; 
ntid  the  meusnre  of  the  torsion  is  the  antrnlar  displace- 
ment divided  by  the  length  of  tlie  cylinder.  Since  in 
the  case  of  an  elastic  solid  strain  is  directly  proportional 
to  stress,  the  angle  of  torsion  is  always  directly  propor- 
tioual  to  tlje  force  of  torsitju.  But  when  tlie  .system  ]» 
in  equilibrium  the  ttirsional  stress  called  out  by  the  dis- 
placement will  be  equal  to  the  moment  of  the  twistiuj^ 
coHpb'.  The  modulus  of  torsion  is  tlefiiied  as  the  couple 
required  to  twist  one  end  of  ji  given  cylinder  of  unit 
length  through  unit  angle,  the  other  <^nd  being  fixed.  If 
T  represent  this  modulus,  then  the  cou})le  reipiired.  U^ 
twist  the  given  cylinder  of  length  /  through  an  angle  ^ 
will  be  tO/I 

Suppose  the  radium  of  this  eylinJer  to  bo  1r,  \M  it  be  divided 
into  concentric  rings  of  breadth  fix,  the  ratlins  of  one  of  which  isx, 
and  its  area  consequently  ^nxfix.  TI»o  displacement  per  unit  of 
length  is  0//,  as  above ;  or  j*0//.  where  </»  is  the  unit  angle  ;  jmd  sinotr 
displacemcni  multiplied  by  the  rigi<lity  i8  equal  to  thr  stress  per  unit 
ofurt'iK  we  have  this  stress— »x0,Y;  and  for  the  entire  area  of  tbeeto- 
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tBimtMTy  ring=:<2»J*'*»^/.rj//.  Th*  niomeiU  of  thin  is  \%wHtt*x*dx)/l^ 
which  is  rho  tnoiix^-iit  of  tlio  torsionnl  conple  for  iliisi'louMtntary  rin^. 
By  mtt'grating  tliib  t-xpn'saion  tx*iww;ii  thi*  limiu  x  =  0  mid  j=  r  we 
<kb4Ain  itiit*0/'il  for  th«  niomt^iit  nf  the  tonsiuiinl  couple  for  tlio  eu- 
tira  cjUuder.  Calling  this  mouiuiit  7\  \k\*  liavu  for  tbu  value  of  the 
277 


torvioD  Ai)gle  <k  = 


nur 


M'henco  it  appoare  thut  the  torsion  pro- 


duced is  dirertiy  ils  ihf^  torsioual  couple  and  lut  the  length  of  the 
cylinder,  and  iiiwr-jolj'  as  Iho  riffidity  and  the  fourth  power  of  the 
mdius  uf  the  eyiinder.     Sinee  tlui  lorsioiml  slreRS  is  prfv|K>rtionftI  to 


Ibr   lofBional  Htratii,  the  stream   for  nn   angle  0  w*ould  be 


2/ 


HeQcc,  eqnatisg  these  two  expressions  for  the  torsional 
eonple  T  requirod  to  develop  this  torBionnl  streHs,  we 
liiive 

J 


2/ 


whence     n  =  — ;. 


[30] 


Since  T  can  bo  determined  from  the  tiuie  uf  the  tor- 
i«iouiil  oscillatioti  of  the  cylinder  when  a  mnns  of  known 
moment  of  iueriin  is  attached  U*  it,  it  is  evident  that  ?/, 
the  coefficient  of  simple  rigidity  of  the  given  substance, 
noay  be  df*ternjined  iu  this  way. 

I50.  Yoii]i|c*s  McmIiiIiik. — AA'heu  the  stress  devel- 
oped in  a  solid  is  called  r>ut  by  lonj^itudiual  extension 
or  compression,  the  ratio  of  this  stress  to  the  strain  pro- 
(lacing  it  is  cuHcd  longitudinal  rigidity,  niid  is  re]>re- 
iieated  by  Yoaog't  modulni.  Yonng  himself  <letined  it  as 
tb^  ratio  of  tlin  .simple  strt^ss  re<|uirt^d  tt  produce  a 
»«mall  shortening  or  (dongatiou  of  h  vod  r>f  unit  section 
to  the  ])roportioDate  change  of  length  produced. 

I  wire  or  rod  of  length  L  l>e  fttretchctl  hy  iin  »iiuoiiiit  f, 
w  jKT  unit  of  luiiKlli  is  i/L,    \f  P\m'  the  foree  pr<KluciuK 
the  elonsraU-ion  and  «  the  cross-section  of  the  rod,  P/a  represents  the 
)ier  uuit  of  croM-«ei'Uon.     Hence 


Yoang*B  iDodidus  = 


stress 
fttrnin 


r/fi 


It  is  possible  to  cnlcnlate  the  valne  of  Young's 
tnodulas  in  terms  of  the  volume-elasticity  k  and  the 
rigidity  »,     Since  the  rigidity  is  P/f^  and  ^  =  2(p4-q) 
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wheu  the  augle  is  small  {p  beitig  the  elougatiou  along 
oue  face  and  q  the  c'orreflj)ouding  contraction  along 
theoth*^r),  we  have^j  +  y  =./*/2».  Moreover,  a  pressure /* 
applied  uniformly  to  a  solid  in  all  directions  would 
redufo  the  dimousious  along  three  perpendicular  axen 
ill  the  ratio  \  '.  \  -\-  p  —  'Iq  \  consequently  we  have 
p  —  2g  =  P/^k\    C*»n]l)iuiug  these  two  equations,  we  have 

for  the  value  of  the  elongation  p  =  jP(q-  +  at)  i  ^^^^  i<>^ 

the  ratio  of  the  elongation  ]>er  unit  of  length  to  the  teu- 

9hi 
aiou  P/p,  or  M^  we  have  the  value  ;- ;  thus  giving 

Ok  -|-  // 

the  value  of  M  in  terms  of  the  volunip-ela.sticity  and  the 
rigidity. 

151.  PuisMiii*s  Kutio. — When  a  wire  is  stretched 
longitudinally  it  contracts  laterally.  The  ratio  of  the 
proportional  diminution  of  its  volume  by  contraction  to 
the  proportional  increase  hy  elongation  is  culled  Poitson't 
ratio.  Its  author  supposed  this  ratio  to  be  [  for  all  iso- 
tropic solids,  l»ut  Stokes  has  shown  it  to  be  niucli  greater 
than  \  for  iudi.t  rubber,  and  Thomson  and  Tait  Imve 
shown  it  to  l)e  much  less  than  {  for  cork.  On  theoretical 
grounds  the  value  of  Poisson*s  ratio  may  be  shown  to  be 

3A:  —  2n    .    ,  ,      ,  ,     ..  .,         ,    .   . ,. 

gHifc  4-    V  ^^  t^^*^**  "'  volume-elasticity  and  rigulity. 
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8iil)«t«nc0.    Density. 

!)ist  I'd  wuttT  1000 
Flint  glass  ..  3-913 

BrtL-vs 8-471 

Steel 7*849 

Iron  {wro't». .  7077 
Iron  (cast)...  7*235 
fopiMrr 8  848 


Volunie-t^las- 

RKridiiy  =  n. 

VotmK*BModuliM 

0-222X10 

I 

847-  415    •• 

2-S5-2-40X10' 

5-74-  6(Nrxie*« 

10  02-10-85    " 

3-44-1'Oa  " 

fl'48-n3      ■' 

18.11    •• 

8'ltt  •' 

30-3  -24-5      •• 

1456    •• 

7-69  '• 

1963     ■ 

964    '• 

5-82  - 

18-49    *«« 

10-84    •■ 

4*40-4'47  " 

1172-12  34    *fl 

The  values  in  this  table  are  all  expressed  in  C.  G.  S* 
units;  i.e.,  in  dynes  per  square  centimeter. 
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l.*>2.  RiuKtic  Limit.— Just  as  Doiictimlly  existing  solid 
perfecUy  rigid,  swi  no  kui)\ra  solid  is  perfectly-  elastic, 
solids  lire  .strained  hy  the  iipplicatiou  of  au  external 
is,  thtJOf^h  the  internal  HtrewK  willod  out  by  tLis  Btrain 
lever  exactly  equals  tLe  external  stress  in  valne.     Per- 
fectly eluKtic  solids  develop  a  resilience  wliich  does  not 
[diiuinisb  with  time,  and  which   restores  completely  the 
[original  size  or  form  when  the  disttulnng  force  is  re- 
io\ed,  without  the   smnllost  permanent    strain    or   set. 
fGli»ss,  quartz,  and  steel  perhaps  approacli  this  condition 
vi  things  most  nearly.    Inelastic  or  plastic  solids^  on  the 
[other  bund,  develop  no  resilience  on  the  application  of  a 
^dii^turbing  force,  and  hence  do  not  recover  in  the  least 
their  form  or  volume  when  this  force  is  rem«>ved.     Such 
iiMdids  are  wet  clay,  putty,  and  ilough.    Most  solid  bodies 
"lie  Iretweeu  tliene  extremes,  developing  some  resilience 
and  yet  suffering  some  p?rmaneiit  strain  ;  as  is  the  case 
with  iron,  cop|ier,  lead,  wootl.     In  most  solids,  however, 
tbp  elasticity  depends  upon  tlie  magnitude  of  the  distort- 
ing force  ;  so  that  when  this  force  is  very  small,  the  elas- 
[ticity  luay   be  considered  practically  perfect   for  these 
»]idii«     Between  the  limits  of  strain  thus  produced  they 
luay  be  treated  as  perfectly  plastic,  therefore  ;  but  when 
these  lirniU  are  exct*eileil,  the  stditl  is  permanently  de- 
[formed  ;  i.e.,  tJikes  a  "set.*'     Au<l  if  the  stress   be  in- 
It-reaHt^d   beyond   this,  the    liinit   of   tenacity  of  the  solid 
II  a V  be  reached  and  it  may  be  broken. 

The  resistance  to  deformation  experienced  in  a  plastic 

lolid  in  due.  not   to  its  resilience,  of  (bourse,  but  to  the 

[net  that  force  is  required  to  slide  its  particles  over  one 

knotiier ;  Le,,  t«i  the  internal  friction  to   be   overcome. 

Inch  bodies  are  said  to  be  viscou*.     In  other  cases,  such 

[ftM  glass,  the  solid  suffers  no  deformation,  but  when  the 

fla»tic  limit  is  exceeded,  the  limit  of  tenacity  is  very  soon 

reached,  and  the  solid  is  broken.     Such  solids  are  calh'd 

brittle. 

Irt-'J.  Fatljpie  4»r  Klasticity.— A  curious  phenomenon 
tc-alled  the  "  fatigue  of  ela.sticity  "  has  been  observed  in 
«ulidK  which  shows  verv  tdearlv  the  effect  of  molecular 
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friction.   Wlien  a  wire  is  vibrated  torsioually,  there  ifi  al- 
ways a  displacement  of  tbe  zero-point  to  one  side  or  tlit 
otlier,  according  tj  the  direction  of  the  orij^inal  torsioa; 
this  disturbitnt'e  requiring  hours  or  even  days  for  its  dis. 
ujjpeHrauce.    If  the  wire  be  kept  vibrating,  however,  th» 
uioieeuiur  frii^tiou  is  greatly  increased.     ThouiHou  fonnd 
that.  UHing  two  equal  wires,  tlie  arc  of  vibration  fell  to  one 
lialf  iu  100  vibrations  in  the  case  of  the  wire  which  liatl  beeu 
oacilhited  only  a  few  times,  wliile  in  the  case  of  the  other, 
which  had  become  "  fatigued  "  l»y  long  vibration,  the  arc 
fell  to  half  ils  value  in  44  or   iii  vibrations.     Tait  slat»*a 
that  if  a  wire  l>e  kept  twisted  1*0^  to  the  rif^ht  fur  six  hour* 
and  then  90"  to  tiie  left  for  half  an  hour,  being  allowed 
gradually  to  come  to  zero  without  oacillation,  it  will  first 
turn  8lt:»wly  to  the  right,  undt>ing  the  effect  of  the  later 
twist,  and  then   turn  more  slowly  to  the  left,  undoing i 
the  effect  of  the  earlier  twist    If  an  electrically  vil>rate<l 
tuning-fork  be  kept  in  motion  for  a  long  time,  its  elas- 
ticity appears  to  become  fatigued;  ho  that  ou  stopping 
the  current  it  comes  to  rest  almost  instantaneously,  like 
a  plastic  body. 

15-1.  OHclllatioiiK    proiliieed    l>y    KlaNti<*ity.— In    an 
earlier  chapter  we  have  shown  that  a  body  oscillatiai 
under  the  a<'t:i(m  of  a  force  which  is  always  proportional'] 
to  the  displacement  describes  simple  harmonic  inotii 
(54) ;  and  that  in  consequence  tliese  oscillations  are  iso- 
chronous, i.e.,  are   performed   in    equal    times  whatever] 
their    amplitudes.     Now   by   the   law   cif  Hooke  we 
that  in  all  elastic  bodies  the  resilience  or  force  of  resti- 
tution, which  is  directly  proportional  to  the  distortinj 
force,   is  directly   proportional  to  the   dist<^rtion  ;    i.e., 
the  stress  called  out  is  directly  proportional  to  the  sti". 
produced.     Consequently  it  follows  that  a  body  vibral 
ing  under  the  influence  i»f  elasticity, of  course  within  thaj 
limits  of  set,  will  vibrate  in  periods  which  are  simph 
liarraonic  and  therefore  isochronous. 

In  illustration  of  simple  harmonic  vibrntiou  performer 
under  the  influence  of  elasticitv,  we  mav  take  the  case  oi 
a  torsion  |>endulum  cousistiug  of  a  mass  of  metal  siip^ 


PliOPERTIES  OF  MATTEH. 


145 


ported  by  a  wire.  If  the  wire  be  twisteil,  tliougli  still 
remuiuing  vertical,  it  will  nutwiKt  wbeu  the  forces  is  re- 
moTeil  and  the  jtonduluin  will  perform  a  series  of  oscillii- 
tifius  arnnnil  the  wire  as  au  axis.  The  work  expended 
apou  it  in  twisting  it  is  stored  up  in  it  as  potential 
energy',  wbich  is  converted  into  kinetic  energy  as  it  ro- 
tateM,  becoming  all  kinetic  as  it  passes  its  zero-point 
This  energy  is  expended  in  twisting  it  in  the  opj>osit^ 
<brection  ;  and  so  the  system  oscillates  like  a  gravity  peu- 
dnlnm,  bnt  nnder  the  action  of  rigidity. 

The  formnla  for  the  time  of  vibration  of  a  compound 
grnvity  pendulum  is  /  =  tt  %' I/MRg  ;  in  which  /  is  the 
TDonient  of  inertia  and  MHg  the  static  moment  expressed 
in  abeolut^j  units.  As  we  have  seen  above,  the  moment  of 
torsion,  active  in  the  torsional  pendulum,  is  T.  Hence 
thtt  time  of  nbratiou  of  a  torsional  j>endulum  t  is  repre- 
sented by  7T  i  I/T. 

l^MV.  Prnpat^ulion  of  DiHtui'baiiceH  in  KInstic  Me- 
•lla,— If  a  particle  of  a  solid,  held  in  tH[uilibriuin  by  the 
attraction  of  surrounding  particles,  b*»  displsivd  from 
its  |H)sition,  there  will  be  developed  a  stress  teudiug  to 
bring  it  back  ;  which  stress,  being  duo  to  the  elasticity 
of  the  solid,  will  l>e  proportional  to  the  disjdacement. 
Hence  the  particle  will  vibrate  harmonically  about  its 
w»ro  position.  In  consequence,  however,  nf  the  original 
displacement,  there  will  be  a  compressir>n  i>r(Mluoed  in 
tlit*  dir^tiou  of  motion,  and  a  rarcfiicfciim  in  the  opposite 
<lirection  ;  which  disturbances  will  be  propagated  in  all 
dirtHrtions  from  the  particle  as  a  center,  with  a  speed 
which  is  do|HHulent  conjointly  upon  the  elasticity  an»l 
the  densitt'  of  the  surrounding  medium.  Obviously  the 
Hp(>pd  of  propagation  of  a  compressiiin  ina given  uniform 
solid  will  depend  upon  its  volume-elasticity,  or  k;  while 
thiit  of  u  disturbance  of  the  nature  of  a  shear  will  de- 
pond  upon  its  rigidity,  or  n. 

In  simple  harmonic  motion  the  speed  of  the  vibrating 
fmrtioltfi  VAries  tlirectly  us  the  square  root  of  the  accelera- 
tion f54i;  I.e.,  of  the  force  of  restitution.  Hence  the 
speed  of  propa^'atiou  of  a  fhsturhnnce  iu  any  mediun\ 
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must  be  proportional  to  the  Hquare  root  of  A*;  the  volume- 
elasticity  of  that  luediuiu ;  or  if  uloug  a  wire,  to  the 
square  root  of  My  Young*8  modulus.  Moreover,  since 
the  acceleration  is  the  ratio  of  force  to  mass,  we  have 
a  ^f/m  znf/Vd,  where  KiK  the  volume  and  6  tUo  density 
of  the  medium.  For  the  cane  where  the  ratio  ofy*  to  V\& 
c(mHtimt  for  two  media,  we  have  evidently  a  :  «'  ::  5'  :  rf; 
(»r  the  acceleratiouH  are  inversely  as  the  densities.  Bat 
as  above  ?•  :  v'  ::  Va  :  \^',  and  hence  the  speeds  are  iu- 
vers«*ly  proportional  t*.)  the;  square  roots  of  the  densities. 
Combining  these  two  values  representing  the  speed  of 
propagation  of  a  disturbunce  in  any  medium  of  elasticity 
k  and  of  density  rf,  we  have 


livO.  luipact, — VVlien  n  body  in  motion  strikes  an* 
other  at  rest,  or  when  two  moving  bodies  mutually 
impinge,  the  resultant  effect  of  the  impact  is  determined 
by  the  elasticity  of  the  bodies  concerned.  At  the  instant 
of  contact  a  compression  is  developed,  which  iucroAses 
until  the  speeds  become  equal,  when  it  reaches  its 
maximum.  If  the  impinging  bodies  be  perfectly  in- 
elastic, they  will  now  move  on  togetlier  with  this  coni*J 
mou  speed.  But  as  all  matter  is  more  or  less  elastic, 
there  will  in  fact  apjiear  a  force  of  restitution  at  the 
place  of  contact  tending  to  separate  the  colliding  bodies. 
Newton  proved  experimentally  that  the  relative  speed 
of  separation  after  impact  beai's  to  the  previous  rrdative 
speed  t)f  approach  a  proportion  wliich  is  constant  for 
the  siime  two  bodies.  This  proportion,  which  is  called 
the  Coefficient  of  Bestitution,  and  is  usually  represented  by 
<•,  is  always  less  than  unity,  though  approaching  it  more 
nearly  the  harder  the  bodies  are.  The  values  found  by  i 
Newton  are  :  For  worsted  and  steel  balls,  \  ;  for  bulls  of 
cork,  a  little  less;  for  balls  of  ivor}",  % ;  and  for  balls  of 
glass.  W. 

The  entire  process,  from  the  inst^ant  of  first  contact 


\ 


U^Tn^iDslAut  of  final  separation,  duriug  which  tlie 
iropiuging  bodies  are  exerting  mutual  action  upou  each 
other  occupies  ordiDarily  an  exceediugly  brief  interval 
of  time.  ThoukHou  estiiiiabf*8  it  as  about  an  hour  if  the 
iKidiets  are  of  diineasion!4  companible  to  the  earth,  and 
possess  a  rigidity  equal  to  that  of  copper,  steel,  or  glass; 
bnt  if  the  bodies  are  spheres  of  nttfc  more  than  a  meter 
or  so  iu  diameter,  made  of  these  substances,  then  the 
whole  operatiou  is  Hnished  probably  within  the  thou- 
saudth  of  a  second.  In  the  chapter  on  Kinetics  (75)  we 
saw  that  the  impulse  of  a  force  is  measured  by  the  mo- 
lueuturo  which  it  generates ;  i.e.,  tliat  //  =  ms.  For  a 
constant  momentum  generated,  then,  the  force  must 
vary  inversely  as  the  time  during  which  it  acts.  Hence 
the  magnitude  of  the  force  exerted  in  tlie  collision  of 
liodi(*H  must  be  proportionately  great  in  order  to  gen- 
erat*^  the  given  momentum  in  a  tht)usamltli  of  a  sec^iuil. 
Suppose  two  spherical  masses  m  aud  rn'  to  be  mov- 
ing in  the  same  direction  along  the  siime  line  i^ith  the 
speeds  V  and  v\  From  the  instant  of  contact  the  force 
acting  between  them  along  tins  line  must,  according  to 
llw^  tJiird  law  of  motion,  be  equal  for  the  twt>.  In  couse- 
(|aeDce,  since  these  forces  are  in  opposite  directions,  the 
lN>ti!es  will,  by  the  second  law.  ti'iid  t^o  move  in  opj>osite 
tlirtictious.  Or,  in  other  w<>rds,  one  will  accelerate  the 
other,  and  will  also  be  retarded  by  it,  the  amount  of  mo- 
tiou  gained  by  the  one  being  equal  to  that  lost  by  the 
either;  which  action  will  continue  up  to  the  iustant  at 
wbicii  thw  speeds  are  equal.  At  this  iustant  of,  time 
the  two  spheres  will  be  nioWng  as  one  mass,  whose  mn- 
uieutum  is  the  sum  of  the  moment^i  beft}re  im])act.  If 
F  rtiprfenent  this  common  speed,  then  (wi-t-m')F  = 

MV  -4-  m  tf  :  whence  y  — — .     If  the  spheres  are 

incltkstic,  this  is  the  whole  of  the  phenomenon.  If  not, 
a  »»econd  Ktagt-«  <if  the  |)rocess  supervenes.  The  force  of 
restitution  now  comes  into  play,  aud  tends  to  separate 
the  two  spheres  with  a  speed,  proportional  to  the  coeffi- 
eienl  of  restitution.     Each  will  now  have  its  own  speed, 


which  we  may  represent  by  w  aud  u\     The  difference  in 

the  speeds  before  iin]mct  will  be  v  —  v\  and  after  inipael 

«' —  u;  whence,  h\  Newton's  Liw,  m'—  u=.d^v  —  &).     And 

since  the  momeutnni  gained  by  one  Hphere  is  lost  by  tLe 

other,  we  have  mn-\-m'n' =.mv-\-in'v'.     Combining  these 

two  equations,  we  have  for  w,  the  dual  speed  of  the  niaw 

WV  + wV— em'(v— t?')         ,  , 

m,  the  value  k= , -, \  and  for  u  .  the 

»i  -f-  "* 

...                 '  *i        1       /      mi;+m't;'+eirt(v— (?') 
speed  of  the  mass  m  ,  the  value  m  = '. 

If  the  spheres  be  inelastic,  e  =  0,  and  u  =  u'=^ ~ . 

^  i/i  +  hi'  ' 

as   above.      If   thoy   be   perfectly   elantic,   c  =  1,    u  = 

{m  —  in')v-\'^m'v'     _    ,       ,_  2mr'—  (m  —  »*')!?' 


aud 


u  = 


If 


we 


m  -|-  7/1 
suppose  v'=  0,  in  whicli  case  the  body  m'  is  at  rest,  then 

we  have  for  the  final  speed  of  m,  ti  = ; ~v  ;  aud  for 


the  hual  speed  of  m\  u' 


■m{\  +  e) 


v.     Hence  the  body 


struck,  7/i',  moves  onward  in  the  direction  of  the  initial 
motion  of  wi;  while  in  itself,  the  nu»'ing  body,  goes 
onward,  stijps,  or  moves  backward,  according;  as  its  mtv^s 
is  p:reatpr  than,  e(jnal  to,  or  less  than  (^m'.  If  tn' :=  rw, 
then  w  r=  (1  —  c)y,  the  tiual  speed  of  m  ;  and  «'  =  r  ;  Le., 
the  final  speed  of  m'  is  equal  to  the  initial  speed  irf 
m.  Again,  the  equations  mn -{•  m' u' :=  mv -\- m'v*  and 
«' —  ii  =  e(?;  —  y)  enable  us  to  <letennine  the  condi- 
tions under  whicii  the  masses  should  interchange  their 
speeds.  In  tliis  case  w  =  v'  and  «'  =  i\  Substitut- 
ing these  values,  we  have  mv' -\-mvr=  mv -\- m'v\  aad 
tf  — v'=e(»  — J^').  Writing  the  first  equation  m{v'—  v)= 
ni'(tf'—  v\  or  (m  —  m'){v'  —  t*)  =0,  we  see  that  $u  =z  m'. 
From  the  second  equation,  e  must  be  equal  to  1,  Hence 
tlie  conditions  required  are  that  the  masses  should  be 
equal  and  perfectly  elastic.  By  giving  to  the  lUfjving 
masses  the  proi>er  jM^sitive  or  negative  signs  to  indiejite 
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i€  direction  of   motion,  all  cases  of  impact  may  be 
►rouglit  uudor  the  above  geueral  formulaB. 

1/57.  ChaikK<'  of  Kru'r^y  by  lin|mcl, — If  the  spheri- 
cnl  masses  of  tlxe  last  section  be  aHsutueil  perfectly  olaa- 
iii%  theory  ludicuteH  that  their  relative  speeds  after  the 
impact  ^411  be  (^qual  U»  their  relative  speedn  before  it. 
fc>iuce,  therefore,  the  speeds  are  onlycxchjiu^cd,  the  totid 
vuergy  of  the  ayatem  remaiuH  unaltered.  But,  practi- 
cally, uo  form  of  matter  known  is  2>erfectly  elantic,  in  the 
tirst  place ;  and,  in  the  second,  even  if  it  were,  some  en- 
ergy would  be  exi>ended  in  producing  vil>rations  in  the 
vtdliding  nia^SHes.  So  that  even  in  tlie  case  of  the  most 
highly  elaxtic  bodies  energy  is  lost  on  collision.  Evi- 
•  ieutly  this  lo»s  increases  as  the  colliding  nm^bes  are 
more  inelastic. 

Tlu*  loss  of  PTif-rpy  m  a  function  of  the  ottutticity  may  Ikj  deier- 

minctl  as  follows  :  Froui  tlm  equation  u'—ti  =e(r—  K),  alxjvy  gjvoti, 

-■  r,  by  aquariiiK  anU  ronUipIylrif*  lK)lh  mHmJxTfi  by  tntti\  tin* 

HOD  7/*m'(i/'—  »>'=  HjwiV'ir  — r')",  llic  8woud  niombcr  of  which 

■'K'  written  {by  HdUinjt  hdU  ftubiracting  mm'u'—  ''')')  in  the  form 

r  —  t/)' — tnm'{\  ~  e*){i>  —  r^/.     Sfiiuiritu;  l>oth  sidea  of  the 

MlttAtion  of  momi'iita  uliovt?  fctveu,  tnii  +  m'«'  —  mr  +  m'o\  we  have 

(mu  +  w'lO'^  ii«i'  4-  m'vy.     Expanding;  this  etiuation  and  adding 

ft  lo  the  oni?  pfvviouAly  obtaint'd,  ntiilifplied  out,  we  obtain 


Vbenee  ««*'+  faV*=  tMr"-*-  wi'p"  — 


m»t 


-n  — «•)(»-»'/.    Since 


tn  +  m 

<  k%  nevor  jcreatcr  than  1,  the  oxf»r*«ision  1  —  ^'  can  never  be  nega- 
tive. The  initial  kinetic  eneT^cy  is  th(»rcforo  always  greater  than  the 
filial  kmHio  energy  nf  the  sysicm.  t'xw^pt  wh*'n  <*  is  twiiial  to  1.  Then 
the  tift-o  are  K|UaJ.  If  ^  bo  madn  zero,  the  loss  of  energy  due  to  im- 
pact IK  tho  maximum  poaiible. 

SEOTION    m. — Pm>fEKTIES    OF    FLUIDS. 

]/>8.  OefSiiUiou  ofn  Fluid. — BeaideK  the  HolidntJite 
of  matter  ntfw  doHcribi'd,  Kuhstances  may  exist  in  an- 
•-0(**r  and  equally  important  condition,  called  the  Huid 

lition.  Ab  the  name  implies,  the  characteriHtic 
j  r>f  a  tlnid  is  to  flow.     Hence  a  rtnid  possesses 

ii     ..^-    ity  xvhfiit*v)'r,  liiit  is  ilnforiiK^d  Ity  the  action  of 
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auy  force,  however  sraall.  In  counequeufe  fluids  havt 
no  Hhape  of  their  own,  but  alwa^^s  take  the  shape  of  the 
vessel  iu  which  they  are  et^utaiued.  They  are  plastic, 
and  not  rigid  ;  are  limpid,  and  not  vihc<>u8.  A  perfect 
lluid  is  intiuitely  limpiil  and  iutiuitely  ])histic ;  i.e.,  itti 
rigidity  is  zero,  and  so  is  its  viscosity.  Actual  fluids, 
however,  are  never  perfectly  limpid.  Ether,  water,  oil, 
honey,  Canada  balsam,  pitch,  sealing-wax,  are  examples 
of  fluids  lumng  progressively  greater  and  greater  vis- 
cosity. 

Illustration's.— It  might  not  at  first  sigbt  seem  proiwr  to  cull 
siMiling-wax  a  tlin'd  uihI  jelly  a  solid.  But  if  we  remember  Uurt 
ou  llie  one  hand  Ihr  distortion  which  is  produced  by  a  girea 
stress  in  a  perfect  solid  is  perfectly  definite,  the  ratio  of  stress  to 
strain  tx^in^  constant  and  independent  of  time,  while  in  a  fluid,  nn 
the  other  hand,  the  deformation  continnen  n.s  lon^  ;u  the  di^tortinfr 
etix'ss  contiunes,  tlie  ratio  of  :«tre.sH  to  strain  nut  Ijeing  constant  but 
increasing  with  tinu;,  the  rww  will  present  no  difficulty.  A  stick  of 
Healing  wax  supported  ui  its  ends  Rtmn  yields  to  its  own  weight.  ainI 
is  deformed  continuously  ;  while  n  mass  of  jelly  undergot*  all  its  de- 
formation  at  onee  on  ilu*  application  of  the  deforming  force.  Th« 
filrain  produced  i;*  c<itisianl.  and  does  not  incrc:uie  with  lime.  Siuw 
ii  does  not  flow,  the  jrlly  i-s  a  true  solid,  allhougli  a  soft  one. 

\*%\\.  Oefliiitions   ot*  LfqiihlM   and   GimeH. — Since  a 
fltiid  posHesses  n(»  rigidity,  tlie  only  elasticity  it  can  have 
is  elasticity  of  vohime.     The  volume-elasticity  of  flniils 
is  perfect.     They  recover   their  .size  completely  wheu 
tlie  couipres.siug  force  is  removed.     Fluids  vary  widely, 
however,  iu  their  coinpivssihility ;  and   ou   tliis  groni»d 
are  divided  into  two  claHneK,  liquids  and  gases,     LitjniiU 
HS  a  class  are  hif^hly  incnnipressible  ;  i.e.,  thev  have  a 
very  hif;h  volume-elasticity.     A  perfect  liquid  would  bo 
an  incompressible  perfect  fluid.     Gasea,  on    the  otbef 
hand,  are  readily  compressible.    Indeed  they  appear  to 
have  no  elasticity  at  all  of  tlioir  own,  tliat  which  they 
seem  to  poasess  being  due  siniply  to  the  pressure  which 
is  exerted   upon   them  at  the  time,  and  by  which  their 
elasticity  is  measured.     Cousecjuently  the  volume  wbich 
a  gas  occupies  depends  not  upon  itself  at  all,  but  upon 
the  pressure  upon  it     Liquids  take  only  the  siia]»e  of 
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Id  vessel  in  wbicU  tliey  are  contained ;  gases  take  not 
ily  the  shape  but  also  the  size  of  the  oontaiuing  vessel 
IBO.  General  nnd   Special  Properf  les*of  Fluids. — 

iuce  both  liijuidH  and  j^nHes  ar*^  fluids,  they  possess 
cii  only  the  general  properties  of  fluids,  but  also  other 
' i'  f^  special  to  themselves.  It  will  be  convenient, 
,  to  consider  first  the  general  properties  and 
len  tiie  special  properties  of  liquids  and  gases,  and 
divide  tho  subject  for  purposes  <»f  study  into  four 
NarU :  A.  The  Statics  of  Fluids ;  B.  The  Kinetics  of  Fluids; 
Compressibility  of  Fluids;  D.  Capillarity.  The  liquid 
r  gaseous  stnte  will  be  used  iudiflereiitly  in  the  dis- 
uHftion,  according  as  the  one  or  the  other  is  best  suited 
to  the  purpose. 

A. — STATICS    OF    FLU1D8. 

101.  Mobility  of  Fhiiils. — The  terra  mobility  is  the 
ofiposite  of  rigidity.  Since  a  fluid  oflers  no  resiht:ince 
0  a  deforming  stress,  its  particles  are  rejidily  moved  by 
»e  smallest  force.  Hence  fluids  are  eminently  mobile. 
^Je  peculiar  characteristic  of  fluids,  that  of  transmitting 

©RNiire  equally  in  all  <iirectious,  expressed  commonly 
the  form  of  Pascars  law,  is  a  direct  consequence  of 

is  mobility.  When  acted  on  by  force  which  is  not 
Inally  applied  in  all  directions,  fluids  readily  sufFer 

«tortiou  unless  tliey  are  supported  upon  all  sides. 

tlxrsrraATloss. — Tim*  if  a  kilojfram-weight  be  plncwl  upon  the 
►pof  a  woodim  rylindcr.  ihi*  pnwsiirt^  directly  produced  by  it  upon 
top  of  this  vyliiidt^r  i.s  tmnsmitted  vcrtit*ally  <lowiuvar<]  to  its 
Ipport  Bui  uot  (lie  slightest  pressure  is  exerted  laterally  midor 
eHi>  condiiiona.  If,  however,  (he  cylinder  In*  of  water  or  of  air  en- 
D^'^  ill  a  lube,  and  the  pressure  of  a  kilogram-weif^ht  be  applied 

tho  upper  end  of  it  by  meAns  of  a  piston,  it  will  l>e  found  that 
biltt  this  pivMture  m  traiiRutitted  unchnnj^^l  to  the  tower  end  as 
rfore,  it  i«  «!«••  transniit(ed  laierully  (o  the  walli*  of  (he  tube.  So 
int  upon  evr-iy  area  of  the  side  eqinil  to  that  of  the  end.  a  pres- 
ifv  la  G>erlt'd  equal  to  that  which  i«  pri)dnred  by  the  kilo^jniia- 

Aliolher  inip<i riant  princijde  of  fluid  equilibrium  may 
IhlW  stated  :  At  any;)oin^  within  a  fluid  the  pressUTe 


J 
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piirsics. 


is  the  same  in  all  directions ;  aud  hence,  if  uo  exterual 
forces  act,  this  pressure  (which  is  exerted  bj  the  cud- 
taiuiu^  vessel)  is  the  saiue  at  every  point  of  the  fluid 
This  fouclusion  evidently  follows  if  we  assume  a  iniuute 
portion  of  the  ilnid  in  the  interior  of  the  mass  to  become 
si)Iid,  without  other  change.  Since  the  entire  mass 
remains  at  rest  as  before,  the  forces  acting  npon  thJH 
element  must  be  in  equilibrium,  and  their  resultant  zero. 
This  can  only  be  true  if  the  pressure  at  the  ptnnt  is 
equal  in  all  directions.  Moreover,  since  fluids  transrail 
pressure  in  all  directions  equally,  the  pressure  at  aaj 
<me  point  of  a  Duid  mass  must  be  equal  to  that  at  aor 
other  point,  as  above  stated. 

Af^aiu,  it  follows  from  the  principle  of  fluid  mobiJitj 
that  the  pressure  upon  any  surface  of  a  liquid  at  rest  is 
at  every  point  pei-pendicuhir  to  the  surface.  For  if  uol 
perpendicular,  the  direction  of  pressure  must  make  hd 
angle  with  the  surface.  If  so,  this  direction  is  capable 
of  resolution  into  two  components  at  ri^Jit  angles  to 
each  other — one  perpendicular  to  tlie  surfa<:e,  the  otiier 
al<mf<  the  surface.  In  virtue  of  the  mrdulity  of  the 
liquid,  this  latter  component  would  produce  motion 
alonj^  the  surface.  But  by  hypothesis  the  liquid  is  at 
rest.  Hence  there  is  no  such  tangential  component,  and 
the  pressure  Ls  at  every  poiut  perpendicular  to  Um 
surface,  as  stated. 

Applioatiunb.— The  priiiuiples  now  f»iven  Jire  applied  practically 
in  the  arts  to  tho  construction  of  hydrostntic  presiics  and  of  »o- 
cutniihitors.  Iti  Iho  hyili'osuuit'  press  two  pistons  of  diffrroiil  arufc 
nrr  providt*fJ,  huvin;;  a  liqiiiU  liutween  Ihpm.  Now  we  have  amm 
that  tilt*  pn'Bsiu*o  excrUfl  in  the  int^^riorof  any  liquid  is  proixtrlioaal 
lo  the  nren  of  the  exposefl  surfaeo.  Hence  if  the  smaller  piston  \im 
a  diameter  of  one  centimeter  and  the  lar^^er  n  diameter  of  30  centi- 
meters, the  area  of  the  larger  >vill  1>e  900  times  that  of  tho  smaller, 
and  a  pre^jsuit?  of  one  kilojfram  applied  to  the  smaller  will  develop  a 
pressure  of  000  kilngrarnsi  upon  the  larger.  If  the  smaller  pixton  lie 
that  of  n  pump  worked  by  power,  then  in  moving  inward  100  kilo- 
grams of  preARiire  mixlil  he  exerted  by  it ;  in  which  ease  (he  Inrj^er 
piston  would  be  foreednnt  ward  with  the  pressure  of  00,000  kilograms. 
The  development  of  foree  in  this  way  is  limited  only  by  the  sIrenj,:tU 
of  the  mati'rutlH  tMnployed.    Uut  W  viouU\  Vwi  w\v  ewor  to  as:*iimi'  ili.ir 


V8^^^^Vns  creftted.  The  work  done  by  or  upon  either  pisron  u 
the  product  i>f  tb<*  m^u  foiue  acting  by  Oil*  itUlunce  tlirougti  which 
it  aota-  llcn«»,  under  the  conditions  al>ove  supposed,  thi?  quantity  of 
Iir|uid  remaining  the  banit.',  thesniallor  pinion  niuhl  move  through 
dOO  times  the  distance  passed  over  by  iho  larger  ;  &o  that  /I,  or  the 
work  done,  i*  the  same  for  botli  ;  1  <  900  =  900  x  1.  The  function 
of  llie  hydrobtaiic  press,  therefore,  like  that  of  every  other  macbine, 
U  simply  to  transform  or  traD^fer  energy.  Indexed,  Kinct'  in  alt 
inaehincs  some  energy  is  lost  by  friction,  the  total  work  done  by  any 
machint^  is  Hlway^  lei^s  than  that  which  is  done  upon  it — a  fact  of 
great  prAtttieuJ  importance. 

102.  FliiitU  an<tf^r  tlic  Action  of  Gravity.— Ou  the 

eartb'B  surface  fluidtt  pxert  a  pressuro  in  oouHeqneuce  of 
tbeir  weight.  Siiice  the  presHuro  iti  fluids  which  have  a 
free  surface  i.e.,  iu  liqitidH,  iH  utirinul  to  this  surface,  it 
f<>!low8  that  wheu  this  ])i'essure  is  the  weight  of  the 
]ic|uid  it&elf,  Jtctiuy  vortinilly,  the  free  surface  of  the 
lit|uid  must  be  horizontal.  In  other  words,  the  surface 
<if  a  liquid  in  level ;  and  hiuoe  the  directiou  of  gravity  in 
ftennibly  parnlJel  tt»  itself  over  luoderute  areas,  a  liquid 
surface  ia  a  flat  or  plane  surftice. 

lO^l.  Fluid  PnrHHiire  Proportional  tii  l>(*|»(li. — Since 
the  lower  layers  of  a  flui*!  support  the  woiglit  of  the  np- 
jH^r  layera,  it  ia  ovideut  that  the  pressure  due  to  gravity 
mui^t  iiierejis*?  from  above  downward  ;  including  in  this 
the  lateral  as  well  as  the  vertical  pressure.  Tlib  down- 
ward pressure  n}M)n  the  base  of  a  cylindrical  vessel  lilled 
with  wiiter,  for  example,  is  evidently  simply  the  weight 
of  the  water  The  sides  beinj^  vertical,  sustjtin  and 
rea^t  equally  against  the  hiteral  pressure;  which  being 
liorizouUil,  and  acting  outward  over  the  whole  surface, 
has  a  resultant  equal  to  zero. 

Sinim  the  prefistire  on  one  side  is  equal  to  that  on  the  other,  there 
M  1:  '  «'quitibrtum.     But  if  an  ofwiiing  be  made  in  the  wults 

nf  :  .  the  pressure  will  be  relieve<l  ut  that  point  and  tlie 

water  will  rscaric.  Moreover,  tlie  antagonistic  pressure  on  the  op- 
pQ«iti>  waJl  remainA  nncompensjUed,  'and  tends  to  move  the  entire 
Kyatem  in  the  opposite  dueclion  to  that  in  which  the  water  flows. 
Thi*  principle  is  iilnatrated  in  Barker's  mill,  in  reaction  turbines,  in 
rockeu,  and  rotating  Ureworka.  Unbalanced  pressure  produces  the 
motion. 
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The  pressure  exerted  by  any  vertical  colnam  of  a 
fluid  upon  it8  base  is  always  the  coutiuued  product  of 
the  arna  of  the  base,  the  height  of  the  coluinn,  and  the 
density  of  the  fluid.  Or,  if  a  represent  the  area,  h  the 
height,  and  d  the  density,  the  pressure,  i.e.,  the  weight 
of  the  cohimii,  is  nhS ;  or  ah6g,  in  absolute  units  of  force. 
The  pressure-iutensity,  i.e.,  the  pressiire  in  uuit»  of  force 
per  unit  wreiiy  th<*n'fore,  iu  a  Kuid  of  density  rf,  at  a  depth 
h  below  the  surface,  is  ghd. 

Examples. — Thus  a  column  of  wat-er  ten  meters  high  exerts  a 
pressure  upon  its  ba-so,  rtupiwsed  one  square  decimetrr  in  areA,  of 
one  hundred  thousand  gmins,  or  i)8  megudynes  ;  since  a  =  100,  h  = 
1000,  and  »5  =  I.  So  a  cohunii  of  meivury  76  cvntiniL'tei-s  high  Hud 
one  square  centimeter  in  area  exerts  a  pre-asure  of  1  x76x  i:t-5SN^ 
=:  1033*3  grams  or  l'0126xl0*  dyue^:  which,  oa  we  shall  prov» 
later,  is  exactly  the  pre&sure  exerted  by  an  iiir-column  of  the  same 
area,  extending  to  the  height  of  the  atuiospliere. 

If,  however,  the  sides  of  the  containing  vessel  are  not 
vertical,  theu  the  above  coucluKioudoes  not  hold,  and  the 
pressure  upon  the  base  is  not  proportional  to  the  amount 
of  water  in  the  vesseL  Suppose  the  ves- 
sel be  conical,  with  its  smaller  base  down- 
ward (Fig.  53).  It  is  now  obvious  thatr 
since  the  lateral  pressure  is  perpendicular 
to  the  walls,  it  may  have  a  vertical  com- 
ponent downward  which  is  balanced  by 
the  reaction  of  the  walls  of  the  vessel 
upward.  Hence  the  weight  of  the  water 
is  supported  partly  l>y  the  baao,  partly  by  the  sides,  the 
part  supported  by  the  base  being  ouly  the  vertical  col- 
umn immediately  abi>ve  it. 

If  the  conical  vessel  has  its  larger  base  downward 
(Fig.  54),  theu  the  vertical  component  of  the 
pressure  is  upward,  and  the  downward  press- 
ure on  the  base  is  balanced  in  part  by  an 
upward  pressure  on  the  sides.  In  this  case 
the  reaction  of  the  walls  is  downward,  and  the 
difference  between  the  upward  reaction  of  the 
base  and  this  downward  reaction  corresponds 
to  the  weight  of  tin*  water. 


Fto.  53. 
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Heuoe  the  pressure  upon  the  base  of  a  oontaiuing 
■vessel  may  be  less  thau,  equal  to,  or  more  than  the 
'weight  of  the  water  contained  in  the  vessel,  ac'oordiug  to 
its  shape ;  the  pressure  being  in  all  cases  the  weight  of 
44  column  equal  in  area  to  that  of  the  base,  and  having 
the  depth  of  the  liquid  for  its  lieighfc ;  or  oArf,  as  above. 

104.  Center  of  Pressure. — The  reasoning  above 
4<ivezi  ia  quite  independent  of  the  particular  form  which 
the  vessel  may  have.  Indeed,  the  surface  itself  upon 
which  the  pressure  is  to  be  estimated  maj'  be  immersed 
in  the  liquid.  If  it  be  parallel  to  tiie  liquid  surface,  the 
pressure  upon  it  ih  ah^  as  before.  If  it  be  not  so  paral- 
lel, then  h  equals  the  mean  depth  below  the  surface,  and. 
the  pressure  is  again  oAtf.  By  meau  depth  is  meant  the 
depth  of  the  center  of  figure  if  it  be  symmetrical,  or  of 
its  ceuter  of  mass  in  any  case. 

iLLfsTRATins. — Siipi»ose,  for  example,  a  Ihin  boHrtl,  a  meter 
^tiare.  be  lumiersed  veriieiiUy  in  wiiter.  its  upper  edge  b<*ing  a  meter 
below  the  surfitce.  The  total  jiressure  upon  the  board  will  be  of 
<»urse  oA^.  Now  the  area  is  10.000  squaro  centimeters.  The  mean 
depth  or  depth  uf  the  center  of  Ugure  is  1^  metera  or  150  eentimetera  ; 
jind  6  \^  unity.     Hence  ah6  ~  1,500,000  grams  or  1500  kilo>;i*ama. 

If  any  surface  be  taken  within  any  liquid,  and  it  be 
dialled  up  into  elements,  acted  upon  by  parallel  forces, 
representing  the  pressures  on  these  small  areas,  these 
pflrallel  forces  will  have  a  resultant.  And  the  point  of 
the  Hurfaee  through  which  this  resultant  passos  is  called 
the  renter  of  parallel  forces,  or  the  center  of  prewure. 
It  in  below  the  center  of  mass  of  the  immersed  surface 
unless  this  surface  lie  horizontal. 

I«5.  I,«jui<l  Kqiillibrium.— A  mass  of  liquid  con- 
tained in  any  vessel  is  in  equilibrium  when  its  surface 
lift  horizontai.  ^5o,  alsi^  if  the  litjuid  be  contained  in  a 
Tiumbor  nf  communicating  vessels  the  surfaces  in  them 
all  must  be  in  the  same  horizontal  plane  in  order  for 
the  liquid  to  be  in  eqtiilibrium. 

APPUCJITI0NS.--This  principle,  that  ^' water  aceka  Us  level,"  i« 
madeiMwof  in  the  water-level.  This  ia  a  metal  tube  having  two 
fftaas  tubes  at  its  ends  at  ri^'hl  angles  to  it,  and  both  in  the  same 
plnnr.     Water  |H>ured  into  the  n/U»  Ukes  a  pubition  ot  equilibrium 
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such  that  the  two  surfaces  are  in  the  same  horir^ntAl  plaue.  By 
sighting  across  these  surfaces  a  horizontal  line  may  t>e  run  bclweeo 
two  statious.  The  gpirit-Ievel,  which  has  now  almost  entirely  taken 
the  place  of  the  water-level,  consists  of  a  glass  tube  who.w  axix 
Is  the  are  of  a  circle  of  very  long  radius,  almofit  filled  with  alcnhr)!, 
and  sealed.  The  air-bubble  tends  to  the  highest  point  of  the  cur\c; 
aiid  wliL'ti  the  surface  of  the  liquid  is  horizi>ntHl,  this  is  the  middli* 
point  of  the  level.  The  rise  of  WHter  in  Artesinn  wells,  too,  is  due 
to  this  tendency  of  liquids  to  equihbnum.  If  a  well  be  liored  in  the 
middle  of  a  geological  basin,  through  impermeable  to  pertuenbltf 
strata,  the  water  which  may  have  falJen  many  miles  away  at  tb# 
point  where  these  permeable  strata  rise  to  the  surface,  and  oiay 
have  accumulated  therein  under  pressure.  Rows  to  and  even  abore 
the  level  of  the  ground. 

If.  however,  several  liquids  of  differeut  deusities  are 
placed  iu  the  same  vessel,  they  will  be  in  equilibrium 
ouly  when  they  have  arranged  themselves  with  their 
surfaces  horizoutal,  iu  the  order  of  their  densities ;  the 
densest  being,  of  course,  the  lowest.  If  two  liquids  of 
different  deuHities  be  placed  iu  two  coiutunnicating  ves- 
sels, snch,  for  example,  as  two  glass  tubes  connected  at 
bottom,  they  will  be  in  equilibrium  when  the  prensures 
they  exert  upim  equal  ureas  are  equal.  These  pressures 
are,  as  already  stated,  ah6  and  a'A'rf'.  At  the  surface 
of  contact  the  two  columns  have  the  same  area;  and 
therefore,  when  the  pressures  are  equal,  we  shall  have 
hS  =  h'6' ;  whence  h  :  W ::  6'  \  rf.  In  other  words,  when 
in  equilibrium  the  heights  of  the  columns  will  be  ia- 
versely  as  the  densities  of  the  liquids, 

ExPERiJdE.vr.— If  mercury  be  poured  into  a  U-tube,  sufTlcieni  t» 
fill  somewhat  more  than  the  bend,  and  then  water  be  poured  upott 
the  surface  of  the  mercury,  it  will  l>e  seen  that  the  column  of  water 
is  aliout  13  6  limes  as  long  as  the  ooUimn  of  mercury,  both  me»5- 
nre<l  from  thn  surface  of  contact.  But  mercury  is  13-6  ttmf«  as 
dense  as  water.  Hence  the  product  of  tho  density  by  the  beij^ht  is 
the  same  for  t)oth  liquids,  as  above  stated.  This  method  is  often 
meful  for  finding  the  relative  density  of  two  liquids. 

1««.  Upward   Prc-HRiiro   in   FIiiUIh.— When    a    Solid 

I  js  wholly  or  jiartly  immersed  iu  a  fluid  it  obviously  dis- 

P^J/tces  or  takes  the  place  of,  a  volume  of  the  fluid  equal 

t^^niat  of  its  immersed  part     Suppose  the  solid  to  be  a 
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cin>e,  and  let  it  be  irainerse*!  wholly  in  water  (Fig.  55). 
The  exactly  equal  cube  of  water  which  it  displaces  was 
previously  ia  equilibrium,  since  it  wnR  at 
rest  ;  and  hence  the  sum  of  the  vertical 
and  of  the  lateral  pressures  upou  it  was 
jcero*     The  vertical  downward  pressure 
on  its  lower  surface  is  evidently  that  on 
its   upper  surface  plus  the  weight  of  the 
cube  itself.     Since  the  cube  is  iu  equilib- 
rium, this  pressure    downward   must  be 
balanced  by  an  equal  upward  pressure.     But  the  condi- 
tions producing  the  upward  pressure — the  law  of  Pascal 
— are  in  no  wise  altered  when  the  solid  cube  takes  the 
place  of  the  liquid  one,     The  upward  pressure  upon  the 
lower  face  is,  as  before,  the  weif»ht  of  a  liquid  column 
whose  urea  is  that  of  this  face  and  whose  hei^^ht  is  the 
depth  of  the  face  below  the  liqiiitl  surface.     But  the  dowu- 
ward  pressure  upou  this  same  cubic  face  is  the  weight  of 
the  cube  itself  plus  that  of  the  column  of  water  above 
it.     The  difference  is  the  excess  of  weight  of  the  cube 
over  the  weight  of  the  same  volume  of  water.     Hence, 
when   the  6ube  is   immersed   in    water  it  loses  weight 
extti^tly  equal  to  the  weight  of  the  disphu'ed  water  :  i.e., 
to  the  weif^ht  of  its  own  volume  of  water. 

167.  PriutrJph^  of  ArrliiinedoH* — TJiis  law  of  action, 
which  is  known  as  the  principle  of  Ai*chimedes,  may  l>e 
thus  stated  ;  When  a  solid  is  immersed  in  a  tluid,  either 
wholly  or  partially,  it  siilTers  a  loss  of  weight  M'hich  is 
equal  to  the  weight  of  the  Huid  which  it  has  displaced. 
This  upward  forcn  may  ]»e  assumed  to  act  at  the  centre 
of  niasH  of  the  fluid  displaced,  whatever  the  form  of  the 
immersed  solid. 


It  IPS  the  weight  of  the  fluid  upon  the  upper  surface  of  tbe 
cube.  f<m  =  ^^^  wejglit  of  Ihe  lluul  cube,  and  c,  =  timt  of  tho  solid 
cabc,  the  upward  proasure  upou  the  lower  face,  which  in  the  case 
of  tbe  fluid  cutM  is  equal  to  Uih  downward  prensure,  U  evidently 
ur -f  <w>  The  downward  pressurr  u|K)n  the  lower  faec  of  the  solid 
cobo  to  tf  +  ew  The  resultant  pressure  is  their  differonc©,  {w  +  c.)  — 
(v  +  eW^  or  c,  *  Ctf.     But  <",  is  the  weight  of  the  unitnnicrfied  solid 
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cube ;  and  therefore  when  immersed  it  loses  the  weight  e^ ;  Le.,  a 
weight  equal  to  that  of  the  volume  of  the  fluid  which  it  displaces. 

1G8.  Floating  BodieH. — Three  cases  may  now  be 
considered,  according  as  the  weight  of  the  solid  is  less 
than,  is  equal  to,  or  is  gi'eater  than,  that  of  the  displaced 
fluid.  The  resultant  pressure,  as  we  have  just  proved, 
iac,  —  c^  The  value  of  this  expression  will  be  nega- 
tive, zero,  or  positive  according  as  c,,  the  weight  of  the 
solid,  is  less  than,  is  equal  to,  or  is  greater  than  c^.  In  i 
the  first  case,  since  tlie  negative  sign  means  motion  up- 
ward, the  solid  will  rise  to  the  surface  and  float  In  the 
second  case  there  is  no  resultant,  and  the  solid  will  re- 
main in  equilibrium  in  any  part  of  the  fluid.  In  tlio 
third  ease  the  resultant  is  positive,  and  the  solid  will 
sink  in  the  fluid. 

Examples.— S«ppo8(^  thnt  the  solid,  whatever  its  shape,  htm  a  vol- 
ume of  one  cubie  (^uutimetur,  and  that  it  bo  immersed  in  water. 
The  weight  of  a  cubic  centimeter  of  water  is  one  gram.  Hence  the 
solid  when  imun'rsed  will  lose  one  gram  of  its  wHjjht.  If  the  solid 
be  cork,  of  which  one  cubic  centimettT  weiithn  0  24  tcrani,  then  the 
upward  pressure  exceeds  the  ilownwjird  by  100  —  0-24  =  n-7QK<^in: 
and  the  cork  will  move  upward.  If  the  solid  be  uf  iron,  a  eubie 
centimeter  of  whicli  woi^hs  7  8  (icr.ims,  then  the  downward  pn^aum 
is  in  excels  by  08  grams ;  and  the  soli<l  sinks. 

Again,  snppoeu*  the  solid  to  be  a  rubber  balloon  tilled  with  hydn> 
gCD,  and  having  n  volume  of  one  cubic  decimeter.  Let  it  be  iiu- 
raersed  in  air.  The  weijcht  of  the  hydrogen — one  cubic  decimeter — 
is  008887  gram.  The  weight  of  thi-*  .same  volumo  of  ait  is  1'3759 
grams.  Ileuce  the  upward  pressure,  due  to  the  weight  of  the  air 
displaced,  is  greator  than  the  downward  pressure,  due  to  tlie  weight 
of  the  displacing  gas,  by  1  1875  grams.  So  that  allowin?  0  5  grnm 
for  the  weight  of  the  ballfHJU  itself  and  its  attached  car,  it  wotdd' 
still  have  an  ascensional  force  of  00875  grum. 

IGO.  Law  of  Liquid  Flotation. — When  liquids  or  sol-j 
ids  float  on  licjuids,  as,  for  example,  oil  nr  wf)0(l  on  water,| 
the  principle  of  Archimedes  is  still  true  and  the  liquid* 
or  solid  mass  loses  weight  equal  to  the  weight  of  the 
displaced  Hqnid.  Now,  however,  the  intiss  is  not  wholly 
but  only  partly  immersed  ;  and  hence  the  volume  of  the 
liquid  displaced  is  only  a  fracHon  of  its  own  volume. 
But  in  order  to  float  at  rest,  the  forces  acting  must  be  in 
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^qTiilionuni ;  i.e.,  the  upward  and  downward  prossorea 
must  be  equaL  If  the  former  be  the  greater,  the  mass 
will  rise;  if  the  latter,  it  will  sink.  But  the  downward 
pressure  is  the  weight  of  the  mass,  and  the  upward 
pressure  is  the  weight  of  the  displaced  liquid.  Conse- 
quentlj  the  law  of  flotation  is  tluit  a  floating  body  will 
sink  in  a  liquid  until  it  displaces  a  weight  of  the  liquid 
equal  to  its  own  weights 

Thii8  a  piece  of  yellow  pine,  one  cnbio  centimeter  of  which 
weighs  0657  gram,  will  sink  deeper  in  watur  tlmn  ti  piL*c(f  uf  poplar, 
weighing  only  0-;{tjD  gntiu  to  the  same  volume.  One  cubic  ceDtimo- 
ter  of  the  forniLT  wood  would  have  to  sink  657  tlioLisiLiulths  of  its 
bulk  in  ordvr  to  displace  its  own  weight  of  water  ;  wtiile  the  latter 
would  displace  Ita  own  weight  by  sinking  389  thousandths.  Agaia, 
ice  weigh:)  O-dld  gram  to  tlie  cubic  centimeter:  and  tberefore  the 
part  of  an  iceberg  out  of  the  water  is  only  83  thousandths  of  the 
entire  volume  of  the  berg,  or  about  one  eleventh  of  the  portion  im- 
mersed. 

A  hollow  hnll  of  copp*T  may  be  made  to  float  or  to  »ink  in  any 
luid,  except  nieruury,  according  to  the  volume  given  to  it,  for  the 
mnsB.  Let  this  mass  be  a  kilogram.  If  solid,  the  volume  of 
copper  would  be  112*4  cubic  oeutimetcrs;  that  of  the  coi  re»poud- 
ing  nuiss  of  water  being  one  cubic  decimeter.  If  now  the  volume  of 
the  crtppfr  Iw  increased  to  one  cubic  decimeter  by  making  it  hollow, 
its  Wright  will  Ije  e<|Uid  to  that  of  the  same  volume  of  water,  and  it 
trill  be  in  e^uilibrinm  anywhere  in  the  liquid  miLsa.  If  its  volume 
bo  two  cubic  dccimeU'rs,  it  will  float  with  only  oue  half  of  its  volume 
immersed. 

In  the  ftame  way  an  iron  ball  will  float  on  mercury.  While  Iron 
weighs  7'8  gram*  per  i-ubic  centimeter,  mercury  weighs  18  596 
gnnm.  nence  to  displace  it8  own  weight  of  mercury  an  iron  ball 
most  sink  therein  to  only  a  tittle  more  than  half  its  volume. 

170.  Rqiitlihrliini  ofFlnatlng- BodiPN. — -In  the  cases 
^Xfcovr  considered,  the  floating  body  was  assumed  to  be  in 
Hbuilibrinm  when  the  resultant  of  all  the  forces  acting 
nj>on  it  was  zero.  This  has  been  shown  already  to  be 
the  condition  for  zero  motion  of  translation.  If,  how- 
erer^  ilie  two  equal  and  unlike  forces  represented  by  the 
apward  and  downward  pressures  do  not  act  along  the 
same  lino,  then  they  constitute  a  couple  and  so  produce 
rotation.  The  condition  for  complete  equilibrium,  there- 
fore, is,  not  only  that  the  resultant  of  the  acting  forces 
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•luUl  be  zero,  b*l  abo  that  tbe«e  fonr'^  ^luOl  aa 
along  ti»e  saiae  ttnighi  liae  ao  aa  to  bar*-  ^omeoL 

Hiaoe  the  dowaward  Coree  is  the  weight  •  :  I j  &Dd 

acts  at  its  center  of  nuas,  it  is  naeeasan  •  direc- 

taon  of  the  upward  force  shall  also  ysu  ^gh  the 

eester  of  inaa&  Bat  the  npward  foree  Si-ta  ti  '^ka^h  (Le 
eenter  of  mass  of  the  displaced  liquid.  H«nce  tbv 
eenter  of  mass  of  the  ^splaeed  liqiiid  most  he  vertically 
beneath  U>e  center  of  mass  of  the  solid.     The  center  of 

of  the  displaced  liquid  is  oomroonly  called  the 

•f  basjaacy. 

171.  Stable  and  t'ni^tablr  EUiitilibrium.— Tbe  crite- 
rion of  stable  eqailibriaro  is  its  permaneuev.  If,  there- 
fore, the  floating  bodj  be  slightly  displaced  from  iU 
l>ofdtioa  of  rest,  and  then  left  to  itself,  it  is  easy  to 
detertniop  whether  the  eqailibriam  be  stable  or  nnstAble. 
Id  the  former  case  the  body  will  retom  to  its  initial 
position*  iu  the  latter  it  will  depart  more  and  more  from 
it ;  the  coaple  thus  formed  tending  in  the  one  case  to 
rest^)re  the  brHiy,  and  in  the  other  to  overset  it. 

The  maximnm  Htability  of  a  floating  body  is  of  conrae 
attained  when  the  center  of  masH  is  l>elow  the  center 
of  baoyaucy,  the  IkhIv  then  oscillating  like  a  pcndalum. 
But  this  condition  of  things  is  not  possible  when  the 
lK)dy  is  homogeneous.  It  is  accomplished  only  by 
weighting  it 

ExAMPts.  — Thus  a  glasB  tube  closed  at  one  eud  may  be  weighted 
with  mcrcary,  or  a  wooden  roil  with  a  stone,  so  as  to  fl^Mvt  in  water 
wii.hriui  danfl^er  of  orersetling :  the  center  of  mass  being  now  below 
the  center  of  buoyancy. 

Homogeneous  floatinr;  bodies,  however,  may  assoiae 
tt  condition  of  equilibrinm  which  »atibdcs  tbe  ttl>oTe 
criterion  ;  though  of  course,  under  these  circumstances, 
the  center  of  mass  is  above  the  center  of  buoyancy. 

Thuj(  tet  the  block  of  wood  float  as.  filiown  in  the  Ggura  (Fig.  56), 
Jf  betnff  its  center  of  mo^  and  ^  the  center  of  himyancy.  Sinoe 
the  fopwfis  iK'ling  at  these  points  ar»»  wjual  und  op|x>siti\  the  equilib- 
rium is  complrte.  X(»w  disphice  the  block  slightly  (Fig.  57).  The 
lew  (wnt^^r  of  buoyancy  will  be  at  B':  and  tho  npwnrd  foroe  at  St 
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forms  viil\\   thf^  downA'anl  one  acting  nt  M  a  couple  tending  u> 
Lore  the  body  to  its  initial  position.    On  the  other  hand»  if  the 
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block  be  floating  with  its  longer  side  vertical  (Fife-  58),  then  on  dis- 
plmoenwQt  the  c-ouple  will  lend  to  overset  it  (Fig.  59). 
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172.  Mpasure  of  the  Stability.— Mctacontop. — When- 
ever tbe  equilibrium  of  such  a  floating  l»otly  is  disturbed, 
the  poaition  of  the  center  of  buoyancy  is  changed.  If  tho 
bo<ly  be  made  to  rotate  about  its  center  of  mass,  the 
center  of  buoyancy  will  move  in  the  same  direction  us 
tlie  immersed  portion  of  the  body  if  the  e(iuilibrium  be 
uustable,  and  in  the  opposite  direction  if  it  be  stable. 
Ijet  tlie  Tprticjil  line  through  the  new  center  of  liuoyancy 
b^  prolonged  upward  until  it  intersects  the  original 
vertical  drawn  throngli  this  center  and  the  center  of 
ma^H  wheu  the  body  waa  in  equilibrium.  The  point 
of  intersection  in  called  the  metacenter,  and  its  height 
»T0  the  center  of  masH  ineasnroK  the  stability  of  the 
[iiilibrium.  If  the  intersection  be  above  the  center  of 
ina-sSr  the  equilibrium  is  called  stable.  If  it  coincides 
with  this  center,  it  is  indifferent.  If  it  is  below  it,  the 
eciuilibr^um  is  unstable.  It  will  be  observed  that  the  dis- 
placoment  of  the  center  of  buoyancy,  which  determines^ 
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the  positiou  of  tbe  metaceuter,  depends  upon  the  shape 
of  the  body  imraersed,  in  tlie  vicinity  of  the  water-Iiue» 
Hence  tbe  model  of  a  suiling  veHsel  ih  so  contrived  as  to 
keep  tbe  inetaeenter  as  higli  as  possible.  An  examinatioD 
of  the  figure  (Fig.  60)  will  show  that  tbe  metaceuter  C'\& 

lowered,  and  tbe  stability  les- 
sened, as  the  body  is  turned 
more  and  more.  To  make  Ibe 
raetacenter  as  high  as  possi- 
blei  the  displacement  shonld 
be  indefinitely  small,  therefoiv» 
Since  the  stability  of  a  float- 
ing body  is  proportional  to  tbe 
height  of  the  metacenter  above 
the  center  of  mass,  the  stability  is  lessened  us  the  center 
of  mass  is  raised.  Hence  in  boats  and  other  vessels 
the  center  of  mass  is  kept  as  low  as  possible  either  by 
ballast  (jr  by  inaiwiug  the  keel  of  lead  and  very  massive. 

Density  and  Specific  Gravity. 

17t3.  ncfliiitions, — Density  has  already"  been  defined 
as  tbe  aiiioiuit  of  matter  in  the  unit  of  volume  ;  or  in  the 
C  G.  S.  system,  the  number  of  gi'ams  in  a  cubic  centi* 
meter  i>f  any  substance.  Since  in  tlas  system  tbe  mass  of 
a  cubic  centimeter  of  water  is  taken  as  the  unit  of  meiss, 
tbe  number  representing  tbe  density  of  any  substance 
represents  also  the  ratio  of  its  weight  to  that  of  an  equal 
volume  of  water.  But  this  ratio  is  commonly  called  the 
Specific  Gravity  of  tbe  substance.  It  should  be  carefully 
kept  in  mind  tlmt  density  represents  always  a  deHnite 
number  of  units  of  mass  ;  i.e.,  the  number  contained  in 
one  cubic  centimeter;  while  specific  gravity  is  simply 
a  numerical  ratio,  and  represents  the  number  of  times  a 
given  substancois  heavier  than  wat<>r,  the  volumes  being 
the  same. 

174.  MotlioilH  for  deterininiii^  Density  or  Spcclric 
Gravity. — Since  6—  M/V,  the  density  is  obtained  by 
dividing  the  mass  by  the  volume ;  and  since  the  inas^ 
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ktaioed  by  the  balance,  wa  have  only  to  find 
the  volume  to  be  able  to  calculate  the  density.  Su,  too, 
specific  gravity  is  equal  to  W/W\  or  to  the  weight  of  the 
Inuly  1V\  divided  by  that  of  an  equal  volume  of  water  W. 
As  before,  W  is  obtained  directly  by  weighing.  It  re- 
mains then  only  to  find  IF. 

If  the  body  be  a  Hymnietrical  solids  its  volume  can  be 
readily  calculated. 

Suppose  it  to  be  a  cube  of  brass  three  centimeters  on  a  side.  \\& 
volume  will  be  27  cubic  centimeters.  Suppose  further  that  its 
mass  on  (he  bahiucc  is  2*20-8  grums.  Tliis  i.s  if  and  also  W\ 
Henoo  J/  r=  2'2fl-8/37  =  8-4.  the  nunibor  of  grnms  containwi  in  one 
eabio  centimetre;  i.o..  the  donsiiy.  In  tlio  sume  way,  sp.  gr.  = 
H'71V  =  22«-8/27  (since  27  c.c.  of  water  woigli  27  grnnKs)  =  8*4 ; 
or  the  body  i>,  volume  for  volume,  8*4  times  as  heavy  as  water. 

If,  however,  the  solid  be  not  a  Hyznmetrical  one 
btit  be  irregular  in  form,  its  volume  may  readily  be 
found  by  the  priuciple  of  ArchimedeK,  tlmt  the  loss  iu 
weight  of  any  solid  immersed  in  a  tluid  in  tlie  weight  of 
its  own  volume  of  that  fluid.  Hence  if  the  fluid  be 
water,  the  excess  of  weight  iu  air  over  that  iu  water  is 
W  in  grams  or  V  iu  cubic  centimeters.  Whence  the 
ordinary  rule :  Divide  the  weight  of  the  body  iu  air  by 
the  loss  of  weight  in  water.  The  quotient  is  the  specific 
gravity  of  the  body. 

The  specific  gravity  of  a  liquid  may  be  determined  iu 
a  similar  way.  Weigh  any  solid,  such  as  a  glass  bnlb, 
first  in  air,  then  in  water,  and  finally  iu  the  given  liquid. 
The  difference  between  the  first  two  weighings  ih  \V,  the 
weight  of  its  volume  of  water.  That  between  the  first 
and  the  tliird  is  W\  the  weight  of  its  volume  of  the 
liquid.    Hence  lV'/JV=i\i^  specific  gravity  of  the  liquid. 

I7«*5.  E4iiinibriuiii  In  Gases.— The  AtiiiosplieH^.— 
Tlie  earth  is  surrounded  by  a  vast  aerial  envelope  called 
the  atmosphere,  composed  essentially  of  two  gases, 
oxygen  and  nitrogen,  mixed  together  in  the  proportion 
of  about  one  fifth  oxygen  aud  four  fifths  nitrogen.  One 
liter  of  air  weighs  1'27.59  grams ;  and  hence  the  pressure 
which  the  atmosphere  exerts  tip<»ii  flu*  ^-arth's  surface  is 
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very  considerable.     Did  we  km»w  the  exact  height  of  the 
ntmoHphere,  the  pressure  ou  the  uuit  of  area  wouhile 
ghS,  as  in  thi:  cust*  of  11113"  (^^lit^^  fluid.     By  making  n.% 
of  the  laws  of  fluid  equilibrium,  however,  this  pressnw 
may  be    indirectly  measured.     If   the    air  be    removed 
from  a  glasH  tube  the  lower  end  of  which  is  placed  in 
mercury,  the   mercury  will   rise   in   the   tube    until  it 
reaches   a   height  of  about  76  centimeters.     Since  no 
pressure  is  exerted  upon  the  top  uf  the  mercury  within 
the  tube,  we  infer  that  it  is  the  atmospheric  pressure 
upon  the  mercury  in  the  reservoir  which  sustains  the 
column  and  which  it  balances;  iu  proof  of  which  we 
find  that  if  we  remove  the  air  from  the  space  above  tins 
outer  mercury  surface  the  column  falls.      Now  this  col- 
umn of  mercury  7G  centimeters  high  weighs  ah6  granin; 
and  this,  if  the  area  be  unity,  is  equal  to  76  X  13*596  or 
1U33'3  grams.    In  consequence,  the  ]>ressure  of  the  atmoB- 
phere  upon  every  square  centimeter  of  the  earth's  sur- 
face is  about  1033-3  grams,  or  1033-3x980  =  1  0126x10' 
dynes ;  a  little  more  than  a  megiidyne. 

1 70.  Till*    liaroiiioter.^The  above  experiment  VM 
first  made  by  Yiviaui,  a  student  with  Torricelli,  in  1643, 
in  the  following  manner :  He  took  a  glass  tube  about  a 
meter  long,  dosed  at  one  end,  and  filled  it  with  mercury. 
Closing  the  open  end  then  with  the  linger,  he  inverted 
the  tube  and  placed  the  lower  end  beneath  the  surface 
of  mercnry  contained  iu  a  jar.     On  removing  liis  finger 
the  column  of  mercury  fell  in  tlie  tube,  ami,  after  osoil- 
lating,  came  to  rest  at  a  height  of  about  76  centimeters.' 
The  experiment  was  repeated  and  published  by  Torri- 
celli,  and  is  generally  known  by  his  name.     The  Tacaul 
space  above  the  mercury  column  is  known  as  the  Tor-1 
ricellian   vacuum,   and   the   entire   u])parHtus,   since   ii 
measures  the  pressure  of  the  atmosphere*  is  called  a! 
barometer. 

In  further  proof  that  the  barometric  column  is  au] 
ported  by  atmospheric  pressure  two  experiments  may  lie 
mentioned,  both  due  to  Pascal.  In  the  first  the  mercury, 
was  replaced  by  other  liquids  of  differing  densities,  audi 
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it  was  fouuil  thiit  the  height  of  th^  coluniu  wus  always 
iuver&ely  proportional  to  the  density  of  the  lii|ui(i  em- 
ployed ;  in  entire  accord;ince  with  the  hiw  of  Htiid  equi- 
lihnuni.  In  tlie  mrond  \.\w.  mercury  baronietor  was 
t^ikeu  by  Perier,  at  the  request  of  Pascal,  to  the  top  of 
Pay-de-D6me,  a  hill  in  Auvergne,  about  KXH)  meters 
liigh  ;  and  ho  observeil  a  full  in  the  column  of  nearly 
oight  ceutiuieterA. 

As  the  totnl  Jitinuspheric  pressure  is  now  known,  and 
also  the  density  (>f  the  uit-  at  tlie  earth^s  surface,  we  may 
cailculate  the  heijiht  of  the  atmosphere^  su))posiu<^  its 
density  uniform,  fiom  tlie  formula  h  =.  Pjg6\  in  which 
P  is  tlie  pressure  of  the  air  in  dynes  upon  unit  of  6ur- 
foce^  and  6  the  density.     Performing  the  division,  we 

***^®  ^Q  y'nJOf^iiH^  ~  ^^^  ^  ^^  ceutimeters,  about,  or 
7-99  X  10'  meters.  This,  therefore,  would  be  tlie  height 
of  the  atmosplicre,  provided  that  its  density  througliont 
were  the  same  as  at  the  surface.  Tliis  value  is  some- 
tlixies  I'ulh'd  tin?  lit'ight  of  the  lnnnogent'ous  atniosphnre. 
177.  Baroiuctric  MeasiirenM'iit  of  Height.— Uyp- 
•onielry. — The  density  of  tlie  air,  however,  is  not  uni- 
form HA  we  ascend,  but  diminislios 
very  rapidly,  in  avoordauce  with  the 
law  of  Boyle,  presently  to  be  con- 
ifciderod.  Tlie  law  of  this  diminu- 
ti<»u  may  be  illustrated  as  fol1i)ws: 
Snp]K>HC  three  air-layers  of  the 
Httuio  indefinitely  small  thickness 
(Fig.  01),  between  which  the  dnu- 
sity   may   l>e    considered   uniform, 

though  decreasing  with  each  succes-    

«ive  layer.    These  densities,  tf, ^,, rf,, 

will  be  proportional  to  the  weights  of  the  layers,  which 

weights  are  themselves  proportitmal  to  the  ditfercuce  of 
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the  preMiirea ;  and  hence 


P-P^ 


tf.' 


But  Boyle*8  law 


9       p    y           p  —  p       p 
fttate*  that  -=-  =  —  ;  hence ^  =  — ,  and  consequently 


-y,     P. 


P,  -A      P, 


p     p 

—  =  — ,  and  80  on.  Therefore  the  nitio  of  the  densities 
P,      P. 

is  constant  for  each  succeeding  pair  of  air-lajer&.  Lei 
n  be  this  ratio,  so  that  tf/<?,  =  n,  <y,/cf,  =  r,  6J6^=i  n^  elc 
Multiplying  these  equations  member  by  member,  we 
have  <J/(>\  ^  71*.  Or  in  other  words,  as  the  height  in- 
creases by  addition,  or  iu  aritlimetical  progression,  tlie 
density  decreases  by  multiplication,  or  in  geometrical 
progression.  Since  the  pressure  decreases  by  an  amount 
§k6  on  unit  area  for  an  increase  iu  height  h,  it  will  de- 
crease by  the  value  gSdx  for  the  variation  dx,     Heuoe 

we  have  rfp  =  —  g6dx ;  or,  since  p  —  gHS,  dp  =  — -~^d». 

Transposing,  -  -  =  —  ^  ;   whence    //  log,   -  =x^  —  x^. 

In  this  formula  II  represents  the  height  of  the  homo- 
geneous atmosphere  above  given.  If  the  pressures  be 
represented  by  the  barometric  heights  B  and  6,  x^  be 
made  zero  (i.e.,  the  height  be  measured  from  the  sea- 
level),  the  logarithms  be  made  common,  and  H  be  re- 
placed by  its  value,  we  have 


18190  log  J 


[33] 


as  the  equation  by  which  the  height  of  any  station  above 
the  sea-level  can  be  calculated  by  means  of  the  baro- 
metric readings  at  the  two  stations. 

Illustrations. —To  exemplify  the  use  of  this  formula,  let  it  \xs 
required  to  ascertain  tfao  height  at  which  the  luirometer  would 
stand  Bt  one  millimeter.  Making  B  =  7B0  and  6  =  1,  we  havr 
18190  X  log  700  =  18190  x  2-88  =  .13400  nielrra.  Heneo  at  a  heijghl 
of  53  4  kilometers  the  Jiir  is  so  rai*c  that  it  will  support  a  column  of 
mercury  only  about  one  niilliineter  in  hcighl.  MukiiiK  b  ono  mil- 
lionth of  760.  or  -00076,  we  fiud  that  j*,  =  109140  niot^ps.  or  a  Utth 
more  (hnn  twice  tlie  former  height.  Whence  it  follows  thnt  at  a 
height  of  alK)nt  100  kilometers  the  air  wonld  eqtuU  in  rareoeea  Cbn 
best  obtainable  vaeuiiro. 

It  is  evident  from  the  equation  jast  considered  that 
ihero  is  no  proper  sense  in  which  we  can  use  the  term 
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^*  height  of  the  earth's  atmosphere  ** ;  siuce  the  value  of 
a,  becomes  infinite  if  b  be  made  zero.  In  other  words, 
At  everv  finite  distance  from  the  earth  the  height  of  the 
barometer  will  have  a  finite  value.  This  agrees  entirely 
with  what  we  know  of  gases,  i.e.>  that  they  can  have  no 
free  surface. 

In  applying  this  formula  practically,  various  correc- 
tions for  temperature,  moisture,  and  the  latitude  of  the 
station  are  required,  8o  that  the  complete  expression  lor 
the  height  in  metertj  of  a  given  station  ia 

Uaghl=184041ogf  ]  (n-?g±-«)(l+y^(l+000S59co,aA)  [     [34] 

The  first  correcting  term  is  for  temperature,  the  second 
for  moisture,  and  the  third  for  latitude.  This  formula  ia 
due  U*  L;i}»lace. 

1 78.  Forms  ol*  Barometer. — The  normal  barometer, 
used  always  as  a  standard  instrument  and  therefore 
i)xe<l  ill  position,  consists  of  a  large  tube  of  gluHs  usually 
about  two  centimeters  in  diameter,  carefully  tilled  with 
mercury  nud  firmly  supported  iu  a  vertical  position.  Its 
lower  eud,  narrowed  to  a  small  opening,  is  placed  beneath 
the  surface  of  mercury  contained  in  a  suitable  tank, 
The  readings  are  made  with  a  kathctometer. 

The  most  common  form  of  portable  barometer  is 
tlmt  of  Fortiu.  Its  tube  is  a  centimeter  or  less  iu  diam- 
eter, and  is  enclosed  within  a  tube  of  brass,  to  the  lower 
eud  of  wliich  the  reservoir  is  attached.  The  lower  por- 
tion of  this  reservoir  is  made  of  chamois  leather,  agaiust 
which  Ji  screw  presses  from  below  ;  so  that  when  turned 
iu  suflicieutly  th^  mercury  column  is  raised  to  fill  the 
tulie,  and  in  this  condition  it  ntay  be  transported  without 
danger.  The  sciile  is  engraved  on  the  brass' tul>e,  the 
z^n*  mark  Wing  an  ivory  point  within  the  reservoir, 
which  at  top  is  of  glass.  Before  reading,  the  level  of 
the  mercury  in  the  reservoir  is  brought  exai^tly  up  to 
the  ivory  point.  The  reading  is  made  by  means  of  a 
vernier,  the  limit  being  generally  0*02  millimeter. 
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In  Gay  Lussac's  barometer,  frequently  called  th 
siphon  barometer,  there  is  no  distinct  reservoir,  the 
tube  being  recurved  at  bottom  so  that  the  two  sartaoeJt 
of  mercury  are  in  the  same  vertical  line.  The  height  of 
the  column  is  the  distance  from  the  lower  meniscna  to 
the  upper  oue.  And  since  the  diameter  of  the  tube 
is  the  same  at  these  two  points,  Gay  Lussac  sapposed 
that  the  capillary  effects  would  neutralize  each  other 
and  that  no  correction  for  capillarity  would  be  needed. 
Tliis,  however,  is  not  the  fact ;  and  moreover,  this  m- 
rangemeut  renders  the  capillary  correction  ancertaiti 
The  Fortin  barometer  is  preferred,  therefore,  lor  ac- 
curate work. 

The  aneroid  barometer,  as  its  name  implies,  is  a  ba- 
rometer without  liquid.  Its  essential  part  is  a  ttun 
circular  box  of  luetal  ha%'iDg  a  corrugated  top,  suitablr 
connected  with  the  index-hand  by  a  system  of  multiply- 
ing level's.  This  box  is  partially  exhausted  of  air  aud 
then  sealed.  As  the  atmospheric  pressure  varies,  the 
top  of  the  box  rises  and  falls,  and  this  motion  suitably 
magnified  is  indicated  upon  the  dial.  When  made  with 
sufficient  care  and  frequently  compared  with  the  mer- 
curial barometer,  these  instruments  may  be  made  of 
excellent  service  in  hypsometry. 

170.  Use  of  tlie  Barometer  In  Meteorolop>-. — Thf* 
barometric  height  is  not  constant,  however,  even  for  au 
instrument  fixed  in  i>osition.  Variations  are  observed 
in  it  which  at  first  sight  appear  entirely  Jrr»'guhiT, 
but  in  which  periodicity  is  readily  found  by  iuspeotiou 
of  the  barometiic  curves  drawn  by  a  registering  instru- 
ment. It  is  then  noticed  that  there  are  daily,  monthly, 
and  jiunuul  m.isimH  and  minima  for  every  locality,  but 
that  the  amplitude  of  the  oscillation  at  diflereut  locali- 
ties is  itself  vanable  within  considerably  wide  limits. 
Maxima  of  the  daily  variation  occur  (in  the  tropics  with 
great  regularity)  at  about  9  a.m,  and  9  p.m.;  and  minima 
at  about  4  a.m.  and  4  p.m.  Tlie  amplitude  of  this  varia- 
tion— which  reaches  its  minimum  in  the  winter — varies 
from  0*2  to  2*;^6  millimeters  according  to  the  latitude. 
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e  mean  montblj  variatioD  of  the  dail}^  means  attains 
ts  niJixiinnin  in  winter,  its  minimum  iu  summer;  the 
iniplituile  varying  from  3  to  'MS  uaillimeters  as  the  lati- 
:ii<l«>  increases.  Lines  drawn  through  places  having  tlie 
same  mean  monthly  amplitude  of  barometric  variation 
ir*^  called  iwbarometric  lines.  The  annual  variation  also 
attJiins  its  niaximnm  in  January  and  its  minimum  in 
Jaly,  the  maximum  amplitude  being  about  17  milli- 
metera 

In  the  temperate  zones,  however,  the  irregular  fluc- 
tnations  of  the  barometer  are  so  gi'eat  as  almost  entirely 
to  mask  the  periodic  variations.     Sin<^e  ii  rise  of  tempera- 
ture diminishes  the  air-pressure,  the  barometer  falls,  in 
general,  as  the  tlierm(»meter  rises.     Cousequtjutly  with 
the  irregular  temperature  variations  observed  iu  middle 
titndes,    irregular    barometric   fluctuations  would   be 
xpocted.     Again,  moist  air  being  lighter  than  dry,  the 
eight  of  the  barometric  column  is  a  function  of  the 
«nt  of  moisture  in  the  air.    In  the  ordinary  weather- 
itrts,  lines  are  drawn  passing  through  places  of  equal 
re^snre  and  called  isobaric  lines  or  isobars ;  these  lines 
ing  separated  by  a  difference,  say,  of  five  millimeters 
f  barometric  height.     Sometimes  the  lowest  isobar  en- 
lo^s  an  area  more  or  less  circular.     Tliis  is  called  a 
tenter  of  depresiion.     Because  of  its  low  pressure,  air  will 
|4>w  into  it  from  all  directious ;  and  hence  the  direction 
f  liie  wind  is  always  toward   such  areas.     Moreover, 
'here  these  isobars  are  closest,  there  the   barometric 
p*ftcUent  is  stee])est  and   there  the  wind  will  be  atrong- 
st    The  direction  of  the  wind  is,  however,  modified 
y  the   earth's  rotation,  so  that  the   air  moves  toward 
hes©  centers  spirally,  the  direction  of  rotation  in  the 
ortliem  hemisphere  being  that  opposite  to  which  the 
■      fa  watch   move.     Under   certain   conditions,  a 
I  ^  storm  of  groat  violence  may  thus  be  engendered, 

Kalleil  A  cyclone;  in  tiie  interior  of  which,  owing  to  the 
■r  *  '  ijal  action,  there  is  a  still  further  depression  of 
i  meter.    Moreover,  the  cyclone  itself  is  generally 

motion  with  a  high  velocity. 
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B, — KIMETXC8  OF  JFXUIBB. 

(a)  McuS'kxTietics. 

180.  KinetioH  of  Liquids. — The  flow  of   liquids  in 
general  is  produced  by  the  action  of  gravity.     Sappose, 
for  example,  an  opening  to  be  made  in  the  bottom  of  » 
cylindrical  vessel  near  its  center,  the  vessel  being  filled 
with  liquid.     It  is  required  to  determine  the  speed  of 
the  outflow,  the  depth  of  the  liquid  being  maintained 
coustaut     If    V  represent   tlje    volume  of 
liquid  discharged  per  second,  F^  will  rep- 
resent the  mass  of  liquid  thus  flowing  oat, 
or   m.     When  at  n  (Fig.  62),  the  top  of  a 
liquid  column   of   height   A,  the    potential 
energy  stored  up  in  this  liquid  mass  is  mgk 
units.     Suppose  that  the  liquid  issaes  at  b 
with  a  speed  8 ;   its  kinetic  energy  will  be 
im^*  units.     Since  to  acquire  this  speed  the 
potential  energy  of  the  mass  has  been  transformed  into 
an  equal  kinetic  energy,  we  may  equate  these  valno.A; 
T/igh  —  ^ma*.     Whence  «'  =  2gh  and  h  =  ilgh.     From  thia 
it  will  be  seen  :   Ist.  that  the  speed  with  which  a  liquid 
issues  from  an  orifice  is  the  same  as  that  which  would 
be  produced  iu  the  mass  hy  falling  freely  from  the  same 
height ;  2d,  that  this  speed  is  directly  proportional  to 
the  square  root  of  the  "head,"  or  the  depth  of  the  oriflro 
below  the  surface  ;  and  3d,  that,  since  the  speed  of  eftiux 
is  independent  of  the  particular  liquid  used,  it  follows 
that  all  liquids  issue  under  the  anme  head  with  the  same 
speed.     This  law  of  flow  is  known  as  the  law  of  Torricelli. 
its  discoverer. 

ExpERiiHENTs.  — Th<»  law  of  Torricelli  may  be  i-eadity  rerifiod  ex- 
perimentHlly.  If  the  ve&sel  have  a  latoml  tubiilure,  in  the  top  of 
which  an  opening  is  made,  the  liquid  will  issue  vertically,  and  will 
rise  lo  a  height  nearly  equal  to  the  level  of  the  liqnid  in  the  Ptwer- 
voir.  But  for  the  friction  al  the  orifice,  the  impact  of  tlie  fnlling 
liquid,  and  the  resistanco  of  the  air.  the  height  would  Iv  the  Katne 
Again,  if  the  jet  issue  horizontally  with  the  spec*!  *,  it  will  ini[U(*di 
aiely  begin  to  fall  under  the  action  of  gravity,  and  its  path  will  be  a 
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i.     If  y  =:Bt  he  the  horizontal  difttancc  [laaned  over  iii  tho 
c  /,  and  X  =  iy/'.  the  vertical  distance,  we  have,  by  (eliminating 
Iween  these  two  expressions,  y*  =  (2*Vi7)J? ;   which,  since  the 
kssa  varies  as  thti  aquare  of  the  ordinate,  i&  the  equation  of  a 
boU  referred  to  its  axis  and  a  tjinjicent  at  the  vertex.     Since  the 
I  distance  is  one  fourth  of  the  latus  rectum  2«V//i  i^  must  be 
lo  t^J'ig-     But  this  '\&  the  distance  h  of  the  orifice  below  the 
Mse,     Hence  the  focus  of  the  iwirnbola  is  as   much  t>elow  the 
ce  as  itie  tturfacti  of  the  liquid  is  above  it;  and  the  curves  are 
Iter  the  ^trenter  the  head  under  which  they  issue. 

181.  Amount  ol' Flow.— Coiitrueteil  Vein. — It  would 

m  at  first  that  the  speed  of  efilux  might  be  rendily  as- 

riained  from  the  volatile  of  liquid  issuing  per  socoud. 

the  area  of  the  orifice  is  a  square  centimeters,  and  a 

lume  of  h  cubic  centimeters  issues  in  the  time  /,  then 

e  8|>eed  *  =  h/ai  centimeters  per  second.     But  it  is 

nd  in    practice  that  for   a  circular  orifice  in  a  thin 

ftt«  the  amount  of  flow  is  only  al>out  02  per  cent  of  the 

loulated  value.     This  arises  from  the  fact  that  those 

riiouB  of  the  liquid  in  the  vessel  which  are  not  in  a  di- 

;t  lii»o  with  the  orifice  exert  a  hiteral  pressure  upon  the 

uing  jet;  so  that  instead  of  being  cylindrical  in  form 

iH  jet  is  conical,  diminishing  in  size  as  it  issues^  and 

aching  a  minimum  cross-section — about  62  per  cent  of 

le  area  of  the  orifice — at  a  distance  equal  t*:)  the  diame- 

ir  of  the  opening.     This  conical  jet  is  known  as  the  con- 

rncted  vein,  or  vena  contracta.     In  order  to  increase  the 

DW,  short  tubes — calit^d  ajutages — are  fitted  tu  the  a])er 

ire.     And  it  is  found  that  a  cylindrical  ajutage  whose 

gtb  is  two  or  three  times  its  diameter  increases  the 

w  to  82  per  cent  of  the  theoretical  amount,     If  the 

atage  be  conical,  with  its  smaller  end  outward,  the  fiow 

raised  to  92  per  cent.     And  if  the  larger  end  of  the 

jatage  be  «mtward,  it  is  still  further  increased,  now  fall- 

g  only  very  little  short  of  the  theoretical  value.     If, 

owever,  the  ajutage  be  very  long,  say  48  times  its  diara- 

•r,  the  flow  is  again  diminished,  in  this  case  to  63  per 

nt,  owing  to  the  friction  due  to  the  viscosity  of  the 

juid.     The  increased  flow  produced  by  the  ajutage  la 

tributed  simjily  to  iL**  adhesiou  o(  the  liquid  to  the 
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walls  of  tlie  tube,  thus   making   tlie  issuing  jet  moK 
nearly  cylindrical. 

1812.  Flow  ol*  LiquidH  iu  Tubes. — If  the  walls  of  the 
tubes  be  wetted  by  the  liquid,  the  layer  of  liquid  in  con- 
tact with  these  walls  does  not  change,  except  by  diffu- 
sion.    Hence  the  mass  of  the  liquid  flows  by  this  larer, 
and  the  only  loss  of  energy  is  due  to  the  viscosity  of  the 
liquid  itself.     On  the  other  hand,  if  the  liquid  does  not 
wet  the  Willis  of  the  tube,  there  is  friction  between  the 
liquid  and  the  walls  and  a  loss  of  energy  is  the  result 
If  a  continuous  flow  be  maintained  at  the  end  of  a  nui- 
form  tube,  the  speed  of  issue  supposes  at  that  point  i 
certain  head  ^,  deduced  from  the  formula  a^^z'lgh    Thisj 
is   called  the  velocity-head.     In  order   to   maintain  this 
speed  at  the  end  of  the  tube  a  certain  total  head  wuaI 
be  maintained  at  the  reservoir.     The  velocity.head  being  I 
constant  througliout  the  tube,  the  difl'erence  between  the  ' 
total  liead  and  the  velocity-head  at  any  pai-t  of  the  tuW 
measures  the  hydrostntic  pressure.     This  is  called  the 
pressare-head.     By  placing  vertical  tubes  at  different  dift- 
tauoes  along  the  tube  the  pressure-head  at  any  point  la 
indicated  by  the  rise  of  the  liquid  at  that  point.     The 


. 
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fall  of  pressure  in  the  tube  is  uniform  thronghout 
length,  and  is  the  more  rapid  the  8b<^»rter  the  tube.  Th< 
pressure-head  at  an}*  point  measures  the  resistance  iu  tl 
tube  beyond  this  point.  This  resistance  is  a  function 
not  only  of  the  length  and  of  the  diameter  of  the  tube, 
hot  also  of  the  s|>eed  of  the  liquid  within  it     Thns,  foP] 
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example,  in  Figure  63,  the  total  bead  iii  the  reservoir 
A  BCD  is  tbe  height  of  the  liquid  /?/>,  the  pressure-head 
is  the  height  OD,  and  the  velocity-head  is  the  differeuce 
HG.  Tbe  fall  of  tbo  preHsure-head  aloug  the  horizontal 
tobe  JOB  is  indicated  in  the  vertical  tubes,  and  takes 
place  along  the  dotted  line  GE;  the  fall  in  the  total  head 
being  represented  by  the  dotted  line  BK  Since  these 
lines  are  parallel,  their  distance  apart,  which  represents 
the  velocity-head,  is  evidently  constant. 

If  the  tnbes  be  of  small  diameter,  the  law  of  flow  is 
matorially  altered.  Poiseuille  found  that  in  such  tubes 
the  voiume  of  liquid  tiowiug  in  a  unit  of  time  is  repre- 
sented by  the  equation  F=  kr*H/l,  in  which  r  is  the 
radius  and  /  tlie  length  of  the  tube,  H  the  head,  and  k  an 
ex|>erimeutal  constant.  In  his  experiments  the  time  re- 
\  quired  for  a  known  volume  of  liquid  to  flow  through  a 
tabe  of  given  length  and  diameter  was  noted.  He  ob- 
served that  the  constaut  k  is  independent  of  the  material 
of  the  tube  if  its  walls  be  wetted  by  the  liquid,  and  is  a 
iuuctiou  of  the  liquid  and  of  the  temperature  only,  From 
the  above  expression  it  appears  that  the  speed  of  flow  in 
tubes  of  small  diameter  is  directly  proportional  to  the 
preesore  and  to  tbe  fourth  power  of  the  radius.  The  re- 
sistance in  such  tubes  is  directly  as  tbe  speed.  The  size 
of  tube  necessary  to  produce  this  altered  law  of  flow  is 
determined  by  the  liquid  itself.  For  water  the  tube 
tuust  be  not  over  one  half  a  millimeter  'in  diameter. 
But  molasses  obeys  the  law  of  Poiseuille  as  well  in  a 
tube  25  millimeters  in  diameter  as  water  does  in  the 
Liilf-niillimeter  tube.  Indeed  it  has  been  shown  that  it 
is  not  until  the  ratio  of  the  speed  to  the  viscosity,  multi- 
plied by  the  diameter  of  the  liquid  column,  reaches  a 
Ein  critical  value  that  this  law  ceases  to  represent  the 
If  the  speed  or  the  cross-section  be  too  great,  the 
nt  develops  eddies,  and  the  law  of  flow  is  that  for 
-vride  tubes.  But  if  ihe  viscosity  of  the  liquid  increases 
pr-  .  the  criti4*ul  value  may  not  be  reached 

ADii  i  ..  -i-.  :^  law  of  How  may  l>e  maiutuined.  More- 
over, by  suitably  varying  the  speed,  tbe  same  tabe  and 
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the  same  liquid  may  be  made  to  show  tbe  fylienonieiu 
cliaractemtic  of  wide  or  of  narrow  tuben. 

183.  VlHcoHlty  of  Liquids. — ViscoHit  f-Jmiuh 

stated,  is  a  resistance  to  tlow  due  to  the  i 
of  the  particles  of  a  liquid  ujion  one  an'  ti*.  If  tliis 
resistance  becomes  infinitely  great,  the  b'xiv  ir  perfectly 
rigid  ;  if  zero,  it  is  perfectly  mobile.  There  is  uo  differ, 
ence,  consequent!}',  between  a  tluid  of  infinite  viscosity 
and  a  rigid  solid.  All  botlies,  whether  solid,  liquid,  or 
even  gaseous,  are  more  or  less  viscous.  Trescn  luu 
shown  that  nndi»r  a  pressure  of  100,000  kilograms  per  sq. 
cm.  solids  such  as  lead,  silver,  clay,  ice,  and  even  iron  and 
steel,  may  be  made  to  flow  lilce  fluids.  When  a  ^isconfi 
body  is  subjected  to  shear,  there  is  a  change  of  form  wilb- 
out  change  of  volume.  If  a  vessel  containing  liquid  be 
tipped,  the  liquid  assumes  a  new  position,  having  under- 
gone a  shear.  The  rapidity  with  wliich  this  new  jioHition 
is  assumed  varies  widely  for  different  liquids;  being  most 
rapid  in  mobile  liquids  such  as  ether,  least  so  in  viscoas 
liquids  such  as  sirup.  When  a  river  flows  in  its  bed, 
the  surface  liquid  moves  most  rapidly;  so  that  there  is 
a  constant  flowing  of  the  upper  layers  over  the  lower. 
And  the  ratio  of  tho  linear  displacement  to  the  di*pth, 
which  is  equal  to  tan  «•,  the  angular  displacement,  and 
which  measures  the  shear,  is  constant  for  all  deptha 
The  Wscosity  of  the  liquid  retards  this  sliding  of  the 
Iayt?rs  aud  hence  may  be  measured  by  the  ratio  of  the 
sheaiing  stress  to  the  amount  of  shear  pro^luced  in  a 
unit  of  time.  This  ratio  is  called  the  coefficient  of  vucoeitj 
and  it  is  usually   represented    hy  /i.     Hence    wo    have 

Shearing  stress         __      F 
Shear  per  unit  of  time  ~  tau  a 


=  /i,     the  coefHcieut  of 


viscosity.  If  the  displacement  in  unit  of  time  be  lutity, 
and  the  de)»th  be  also  unity,  tun  a  becomes  unity  ami 
the  coeflicient  of  viscosity  is  equal  to  the  shearing  stress- 
Hence  Maxwell  defines  this  coefficient  as  "  the  tangential 
force  on  the  unit  of  area  of  either  of  two  horizt^utal  j>laneg 
at  the  unit  of  distance  apart,  one  of  which  is  (relatively) 
fixed  while  the   other  moves  with  the   unit   of  speedy 


PR0PBRTIB8  OF  MATTEIt 


175 


le    space  betTreeu  being  Mled  with  the  viscons  ma- 
teriftL' 

Now  it  can  be  shown  that  k^  the  constant  determined 
for  the  flow  of  liqiiidH  through  suitill  tubes  by  Poisenille, 
AS  above  describod,  is  equal  to  nfyg/}ifi\  whence  /i  = 
nptj/8k.  By  knowing,  tlierefore,  p,  the  density  of  the 
liquid,  and  k,  which  is  equal  to  VI/IIr\  the  coefficient  of 
viftcortity  may  be  readily  calculated.  In  water  at  0°,  its 
"  lue  18  0-OlH  :  lU  10^  0-013 ;  and  at  20^  0-010.  In  other 
^frords,  there  exists  between  each  of  two  parallel  plane 
surfaces,  one  centimeter  apart,  when  one  is  moving  a 
centimeter  per  second  relatively  to  the  other,  the  space 
between  them  being  filled  with  water  at  0^,  a  tangential 
fltxBBS  of  0*018  dyne  on  each  square  centimeter. 

By  oscillating  a  disk  torsionally  in  its  own  plane  in 
a  given  liquidf  Meyer  has  made  independent  determina- 
tiou8  of  viscosity.  He  obtained  for  water  at  0  6°,  001 73; 
at  45%0<)'>83;  and  at  90'.  000339.  For  air  he  obtained 
the  value  O'OOOIT  (1  -f  0'00733<) ;  so  that  although  water 
is  770  times  as  dense  us  air,  it  is  only  100  times  as 
▼isonns.  For  brass  the  value  of  /i  was  found  to  be  about 
300,000.000,000  ;  Le.,  3  X  10". 

£xjUipl£h.— It  is  cwy  now  to  understand  the  rapidity  with  which 
csime  to  rest  nfler  Xteiug  diMiirVx'd.     It  is  the  viscosity  of 

t«r  which  Milla  the  wave*  on  the  ocean,  and  the  viscosity  of  air 
which  oaa«Mi  iho  tenipe:it  to  gradiuillr  die  out.  The  speed  with 
wliicii  ftir-hubblea  nstfbud  in  water  and  in  glycerin  is  an  instructive 
examplv  of  relatiru  viscosity.  So.  too,  the  settling  of  fine  purticlus 
in  water— to  which  the  color  of  the  ocean  and  of  the  Swiss  lakes  is 
dM) — Hm  OMtter  determined  by  viscosity.  Dust,  wlietlicr  c(>inp<)8ed 
of  fioHd  or  hqiiid  pjvrHclcj*,  is  retarded  in  falling  by  the  viscosity  of 
tiio  air.  Stokes  has  eaJculalod  thai  a  water-drop  0025  of  a  milli- 
meter m  diutnetor  falls  in  still  nir  niily  abont  four  centimeters  per 
ccoood ;  and  that  if  its  dianiuter  ho  reduced  ten  times  ir  will  fall 
one  bandred  limes  slower,  or  only  about  25  centimeters  per  mionte. 

184.  Streani-flotv.  —  Law  of  Continuity. — "Wlien  a 
liquid  tiows  in  an  open  channel,  like  the  water  of  a  river, 
the  conditiouH  of  £ow  are  iu  many  reKpects  the  name  as 
in  a  tube.  It  is  common  to  represent  the  flow  by  a 
Aeries  of   imaginary  lines   along   which   the   elements 
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of  liquid  are  supposed  to  flow.    These  lines  are  c&lled 
Btream-lines  or  lines  of  flow.     So  long  as  the  conditioiu 
remain  the  same,  the  channels  not  changing  in  cross* 
section  or  slope,  these   lines  remain   parallel     They 
widen  as  the  space  enlarges  and  contract  as  the  space 
diminishes.     If  successive   cross-sections  bo   taken  oo 
an  J  stream,  it  is  evident  that  when   the  current  hofi 
become  steady,  the  amount  of  liquid  which  crosses  each 
section  in  a  unit  of  time  must  be  the  same ;  since  other- 
wise liquid  would  accumulate  somewhere  between  the 
cross-sections.      Tliie   conception    when    made   general 
constitutes  what  is  knoAvn  us  the  law  of  continuity.   If  we 
imagine   a   space  fixed  in  the  interior  of  a  fluid,  and 
conbider  the  fluid  which  flows  iuti»  this  space  un^l  the 
fluid   which   flows  out  of  it  across  different  parts  of 
bounding  surface  in  any  time  ;  then  it  is  obvious  that  if 
we  suppose  the  fluid  to  be  of  the  same  density  and  in- 
compressible, the  whole  quantity  of  matter  within  the 
given  sjiace  must  remain  constant  and  hence  the  quantity 
flowing   out   in   the  given  time  must  be  equal   to  the 
quantity  flowing  in.     Consequently  the  rate  of  increase 
of  density  of  the  fluid  in  unit  of  time  within  the  fixed 
space  is  to  tie  actual  density  at  any  instant  as  the  rate  of 
flow  of  fluid  into  that  space  is  to  the  entire  quantity 
of  matter  within  it. 

(6)  Mdeciilar  Kinetics, 

185,  Kinetics  of  Gnscs. — In  the  present  view  ol 
science,  all  bodies  consist  of  a  finite  number  of  small 
parts  called  molecules,  ejich  molecule  having  a  definite- 
mass  and  being,  for  the  same  substance,  exactly  like 
every  othen  The  kinetic  theory  of  matter  supposes! 
that  these  molecules  are  in  active  motion,  and  that  to 
this  motion  many  of  the  proj>ertie8  of  matter  are  due, 
"In  gases  and  liquids,"  Ra3's  Maxwell,  "this  motion  is' 
such  that  there  is  nothing  to  prevent  any  molecule  from 
passing  from  any  part  of  the  mass  to  any  other  part ;. 
but  in  solids  we  must  suppose  that  some  at  least  of  the 
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molecules  merely  oscillate  about  a  certain  mean  poei- 
tioD.'*  I22  gases  ibe  molecules  are  uot  acted  upon,  for 
the  greater  part  of  their  course,  by  any  sensible  force, 
and  therefore  move  in  straight  lines  with  uniform  speed. 
But,  aiuce  a  cubic  centimeter  of  auy  gas  contains  6  x  10" 
molecules,  it  is  clear  that  the  moving  molecule  cannot 
travel  very  far  without  encountering  another  molecule. 
The  mutual  action  between  them  is  analogous  to  that 
between  two  elastic  balls  (156),  the  molecules  acting  on 
euoli  other  for  a  finite  time  during  which  the  ceuU^rs  lirst 
approach  and  then  separate.  This  mutual  action  is 
called  an  encoonter,  and  the  course  of  the  molecule  be- 
tween one  encounter  and  another  is  called  the  free  path 
of  the  molecule.  Under  ordinary  conditions  the  time 
occupied  by  the  encounter  is  very  much  less  than  that 
of  the  free  motion ;  but  as  the  gas  becomes  denser  the 
length  of  the  free  path  diminishes,  until  fiually,  as  seeitis 
to  be  the  case  in  liquids,  no  part  of  the  motion  can  be 
correctly  spoken  of  as  the  free  path.  In  a  gaseous  mass 
every  molecule  will  change  both  its  speed  and  its  direc- 
tion at  every  encounter ;  so  that  of  the  molecules  com- 
poaing  tlie  system  some  are  moving  very  slowly,  a  very 
few  are  moving  with  enormous  speeds  and  the  greater 
number  with  intermediate  speeds.  By  adopting  a  sta- 
tiatical  view  of  the  system,  however,  and  distributing  the 
Diolecules  into  groups  according  to  the  sj>eed  with  which 
at  a  given  instant  they  hapj)en  to  be  mt>ving,  Maxwell 
btt8  deduced  some  remarkable  conclusions  as  to  the 
moleculai'  kinetics  of  gases.  In  order  to  compare  two 
Huch  gaseous  systems,  the  best  method,  he  says,  is  to 
take  the  mean  of  the  squares  of  all  the  velocities.  This 
is  calle<I  the  mean  square  of  the  velocity,  and  its  square 
root  is  cjilled  the  velocity  of  njean  square.  If  two  ga8<»s 
baring  diOerent  molecular  masses  be  mixed  together, 
they  will  exchange  energy*  in  their  enctuinters,  until 
every  molecule  of  either  gas  possesses  the  same  kinetic 
energy.  This  average  kinetic  energy  of  a  single  molecule 
may  be  represented,  therefore,  by  ^ww*  if  m  represents 
its  molecular  ma.sH  and  »*  the  menu  .square  of  its  speed. 
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Moreover  if  we  suppose  a  p]Aue  surface  witliiii  any  ghe 
in  the  condition  of  eqnilibriuiu,  tlio  principle  of  con- 
tinuity teaches  ua  that  if  there  is  no  accumulation  upon 
cither  side  of  it,  the  number  of  molecules  which  pass 
through  the  surface  in  one  direction  must  be  exactly 
equal  to  the  number  passing  in  tke  opposite  directiou. 
The  term  "velocity  of  a  gas  "  may  mean,  therefore  :  litt, 
mass-velocity,  or  the  velocity  of  the  center  of  mass  of  all 
the  molecules  composing  the  system ;  2d,  molecaiar 
velocity,  or  the  velocity  of  the  molecule  itself  considered 
as  a  whole,  made  up  of  encounters  and  free  paths  ;  and 
3d,  atomic  velocity,  or  that  of  the  component  parts  of 
the  molecule  whether  of  vibration  or  rotation. 

If  we  consider  the  wall  of  a  vessel  enclosing  a  gas,  it 
is  evident  that  its  internal  face  must  be  strnck  by  the 
molecules  moving  j>erpendicalar  to  it»  and  that  the 
mt>mentum  of  tiieso  molecules  must  produce  a  pressure 
outward  upon  this  face,  which  is  balanced  by  a  counter 
pressure  exerted  by  the  wall  itself.  If,  for  example,  the 
vessel  be  a  cube  of  unit  volume,  its  face  will  be  a  unit  of 
aurface.  If  s  be  the  velocity  of  mean  square  of  the 
molecules  normal  to  this  ffice,  and  n  the  number  of 
molecules  in  unit  of  volume  moving  in  this  direction, 
then  7w  will  be  the  number  of  impacts  in  unit  of  time. 
If  the  molecular  mass  be  wi.  the  average  momentum  of 
each  molecule  will  be  ins  and*  the  total  momentum 
expended  upon  this  face  of  the  cube  per  second  will  be 
m>w*.  But  this  is  equal  to  p,  the  pressure  upon  tliis 
same  unit  of  surface.  Since  nvi  represents  J/,  the  total 
mass  of  the  gas,  it  must  equal  f^v ;  or  as  i\  the  volume, 
is  unity,  p  =■  />*'.  But  .9  is  the  velocity-component  in 
one  direction  only.  If  we  let  r  and  i^  bo  the  components 
perpenilicular  to  a  and  to  each  other,  and  F  the  velocity 
of  mean  scjuare  in  any  direction  whatever,  then,  resolv- 
ing Fin  these  three  directions,  we  have  P  =  r"-|-«' 
-f-<*;  i.e.,  the  mean  square  of  the  resultant  velocity  is 
equal  to  the  sum  of  the  mean  squares  of  the  component 
velocities.  Since  the  pressure  in  a  gas  at  rest  in  the 
same  in  all  directions,  «*  =r  r*  =  r  and  r*  -f-  **  +  **  =  3**. 
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Heuce  P  =  3*'  and  **  =  J  P.     Wheuce  p—  pe*  =^pF*, 

Maltipljing  both  sides  by  tho  voliitne  v,  we  have 
pv  =  ipvV  =  lMy  =  l{^Ml^).  Or  the  product  of 
the  pressure  bj  the  volume  in  auj  gas  is  two  thirds 
of  the  molecuhir  energy  of  translation  of  that  gas,  pro- 
vided that  a  mass  31  is  contaiued  in  thti  volume  i;. 

We  may  applj'  this  result  practically  as  follows; 

1st  The  pressure  is  the  same  for  all  gases  at  the 
S4ima  temperature,  Heuce  in  equal  volumes  the  prod- 
uct pv  must  be  constant  for  all  gases.  The  total  molec- 
ular energy  of  transhition,  therefore,  which  equals  fpv, 
must  be  thf  .same,  at  the  same  temj)erature,  in  equal 
volnmes  of  all  gases. 

2d.  Suppose  two  gases  of  molecular  masses  rn,  and 
m, ,  having  l\  and  l\  for  the  velocities  of  mean  square, 
p,  and />,  their  pressures,  and  7i,  and  a,  the  number  of 
molecules  in  unit  of  A'olume,  respectively.  Then  we  have 
P.  =  JP.v, F;  =^  i w.n,  r,',  and  p,  =  i[f>,v,F,'  =  i^.n, l\\  If 
these  pressures  nrf  efpiiil,  //i,n,r7  =  wi,n,F/.  But  we 
have  seen  above  that  wht^n  the  temperatures  are  equal, 
all  gaseous  molecules  possess  the  same  kinetic  energy; 
Le.,  m,  r/  =  HI,  r/.  Dividing  tlie  former  equation  by  the 
Utter  we  have  n,  =  n, ;  or.  the  temperature  ami  pressure 
being  the  same,  the  number  of  molecnles  in  unit  of  voi- 
le is  the  same  for  all  gases.     This  is  the  law  of  Avo- 

Iro. 

3d.  Since  m,n,  is  the  mass  of  a  gas  in  unit  of  volume, 
it  may  be  represented  by  p, ,  the  density ;  and  so  7»,7», 
may  be  represented  by  p,.  If  then  fj^  =  w.n,  and 
p,  =  *«,», ,  we  have,  since  n,  c=  n,  as  above,  p, :  P, : :  wt, :  m, ; 
or,  tlie  densities  of  two  gases,  at  the  same  temperature 
and  pressure,  are  proportional  to  their  molecular  masses. 
TlIiIh  is  the  law  of  Q^y  Lussac. 

4th.  From  the  efiuation  />  =  ipP  above  given,  we 
iTe  V—  ♦'3/)/p,  from  wiiieh  we  can  find  the  velocity  of 
meau  square  of  any  gas ;  a  calculation  fii'st  made  by 
Joale.  If  we  take  hydrogen  at  atmospheric  pressure 
wo  havep  =  1033-3  grama  or  1012rt  x  10*  dynes.  The 
denaity  of  hydrogen  p  is  0'0O0O8957  grama  per  cubic 
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cetntimeter.  Heuce  V'Sp/jb  =  184260  centimeters  or 
1842'fi  meters.  This  is  the  velocity  of  naean  sqaare 
of  hydrogea  molecules. 

TABLE  OF  MOLECULAK  DATA    (Maxwkll). 

Hydrocrn.     0,yK«„   ^^^I^Sle.  ^^. 

Mms of  molecule  (hydrogen  =  I)...  1  Ifl  14  23 
Velocity  (of  menu  sqimre)  io  meters 

ptTsecouti  alO"  C.   1859 

Mean  free  path  iu  tcnth-mcteni 965 

Colliaious  in  n  kccodcI  (millions). . .  ■  17750 

Diumi'lcr.  leuth-melera 5'8 

Muss,  iweiity-fiftb  grums 46 

The  valueH  iu  the  secoud  aud  tliird  linen  are  placed 
in  the  first  rank  as  lieiuf;  known  with  the  highest  accu- 
racy, those  iu  the  fourth  liue  iu  the  second,  and  those  Iq 
the  dfth  and  sixth  in  the  third  rank.  A  tenth-meter  is 
10"*°  of  a  meter ;  and  a  twenty-fifth  gram  is  10"*  gram. 


(c)  Diffusion  of  Gases  arul  Liquids, 

180,  Oin^wion  of  Oa!>tes. — The  extreme  rapidity  with 
which  the  molecules  of  gases  difTuse  through  the  air  is  a 
matter  of  common  observation.  A  hubble  of  chlorine 
gas  set  free  in  a  large  room  is  perceived  by  its  odor 
within  a  few  seconds,  througliont  the  (entire  space.  In- 
deed so  prompt  and  so  perfect  is  this  diffusion  that 
Dalton  formulated  the  fact  in  the  statement :  Every  ggs 
is  to  every  other  gas  as  a  vacuum. 

The  phenomenon  of  diffusion  follows  necessarily  from 
the  kinetic  tlieory  of  gases.  Since  all  gaseous  molecnlde 
move  in  sti*aight  lines  with  the  very  high  speeds  already 
given,  it  is  evident  that,  notwithstanding  their  frequent 
encounters  with  other  molecules,  they  must  advance 
with  considerable  rapidity.  Heuce  the  interpenetrating 
power  of  two  gases  when  mixed  is  very  great.  Indeed 
the  relative  speed  of  diffusion  may  readily  be  calculated 
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\  the  formula p  =  \pl^j  which  lepreseuts  the  prese- 
iu  terms  of  the  density  uuil  the  mean  velocity.  For 
der  the  same  atmospheric  pressure  we  should  have 
r  two  gases  of  densities  fi  aud  p',  ^  F*  =  p' P* ;  or 
F";  F'  : :  v'p'  :  V>.  The  speeds  with  which  two  gases 
Aiffase,  either  into  each  other  or  into  a  third  gas,  there- 
fore, are  inversely  proportional  to  the  squnre  root  of  the 
densities  of  these  gases.  This  law  has  been  experiment- 
lly  established  by  Loschmidt  for  the  case  where  no 
porons  partition  separates  the  gases;  and  by  Graham 
for  that  where  such  a  porous  septum  is  placed  between 
them.  In  the  experiments  of  Graham  the  septum  was 
6f  compressed  graphite,  the  action  being  strictly  raolec- 
hif. 


'Pi 


EiPERiMK.vr.— Tlie  phenomenon  of  diflfusiou  through  a  porons 
Mptam  may  be  shown  very  well  (Fig.  fl4)  by  cementing  an  ordinary 
|x>roas  battery-cc'II  to  a  funnel  having  a 
lou^  tut>e  and  supporting  the  whole  on 
stand,  with  thi-  end  of  the  tube  dipping 
nnder  some  colored  water.  If  now  a 
bell-jar  filNnl  with  coal-gas  by  displace- 
TOfni  be  placwi  over  this  porous  cyh'nder 
th«  more  rapid  di^iision  inward  of  the 
leas  dense  coal-j5a>»  will  c;\uso  an  active 
Ijubbling  of  the  pxpetle*!  air  from  the 
lower  <Mid  of  th«  tulw.  On  removitig 
he  bell-Jar  the  diffusion  outward  will 
now  bi!  more  rapid  than  th.it  inward, and 
Hiti  column  uf  water  will  L-ise  in  the  tube. 
hun  dloxldo  gfts  be  ufied,  these  ac- 
wdl  aII  be  rt-vernod. 
1M7.  Kn^ision  unci  Traujtpl- 
acioii. — The  hiw  regnlatiup^  the 

ow  of  gases  through  a  niinnte  opening  in  a  metallic 

lat«  Las  also  been  investigated  by  Graham,  who  has 

:illed  the  process  effufiion.-    The  phenomenon  ia  of  the 

me  character  as  the  efHux  of  liquids,  the  speed  of  effu- 

>n  into  a  vacuum  being  given  by  Torricelli's  theorem 

■  =  2^A.     In  other  words,  air  under  the  ordinary  atmos- 

heric  pressure  will  pass  into  a  vacuum  with  the  speed 

bleb  it  would  acquire  in  falling   through  the  height 
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of  the  atmosphere,  supposed  <>f  uniform  tlenaitv;  lev, 
through  the  height  of  the  honiogeneouB  atmoBplit^re, 
which  is  7-99  X  10'  centimeters.  Hence  the  speed  of 
eflfusion.  which  is  f  V'.  is  ♦  2  x  980  xTy9  X  10*  =  3957S 
centimeters  per  second.  For  different  gases,  under  tb« 
same  pressure,  hS  =  h'6' ;  and  hence  k  :  h'  ::  S'\6. 
Therefore  the  speed  of  effusion,  wliich  is  proportional 
directly  to  tlie  square  root  of  the  height,  is  proporfcioaal 
inversely  to  the  square  root  of  the  density  of  the 
gas. 

Bunsen  has  made  use  of  this  law  in  an  apparatua 
which  lie  has  devised  for  determiniug  the  density  of 
gases  from  their  times  of  effusion.  Since  the  speed  of 
effusion  varies  inversely  as  the  time,  t  :  ('  ::  V6  :  f  J'; 
or  the  densities  of  two  gases  are  directly  proportional  to 
the  squares  of  their  times  of  effusion. 

A  third  phenomenon  investigated  by  Graham  is  tliat 
of  the  passage  of  gases  under  pressure,  through  long  aod 
very  fine  tubes,  called  by  him  tranflpiration.  He  found 
that  the  results  were  much  more  complex  than  in  the 
other  cases,  and,  although  independent  of  the  material 
of  the  tube,  were  probably  due  to  viscosity  in  the  ga«. 
Thus,  for  examj)le,  the  rate  of  truuupiratiou  for  hydrogen 
was  only  double  that  of  uitrogeu,  and  that  for  carbon  di- 
oxide was  greater  even  than  that  for  oxygen.  The  times 
for  oxygen,  nitrogen,  carbon  monoxide,  and  aii'  were 
found  to  be  directly  as  their  densities;  i.e.,  equal  masses 
of  those  gases  pass  in  equal  times. 

1H8.  Adiiesion  hetweeii  Oases  aiid  Solids.— Occlu- 
bIoii. — Besides  the  kinetic  diffusion  just  discussed^  an- 
other form  of  diffusion  exists  in  which  the  specifi(^ 
nature  of  tiie  solid  and  of  the  gas  plays  an  importaut 
part.  The  surfaces  of  all  solids  ap|>ear  to  possess  the 
power  of  condensing  gases  upon  them  to  a  greater  or 
less  degree.  And  hence  the  larger  the  sur/ace  for  the 
same  mass,  the  greater  the  condensation.  A  cube  one 
centimeter  on  a  side  has  a  surface  of  six  square  ceuti- 
meters.  This  cube  can  be  divided  into  KXK)  cubes 
ench  a  millimeter  on  a  side,  and  each  having  a  surface  of 
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six  square  millimeters.  By  this  subdiviRion,  therefore, 
the  total  surface  Jms  boen  increased  teufuld.  According 
to  Mitscherlich.  oiio  cubic  centimeter  of  boxwood  cliar- 
ooal  exposes  a  surface  within  its  pores  of  over  4000 
Hquare  centimeters.  And  Saussure  found  tLiit  this 
idiarcnol  would  absorb  90  tiujes  its  volume  of  uiiuuoiiiu 
gas  tttwl  8o  times  its  volume  of  hydrogen  chloride.  But 
this  even  is  surpassed  by  cocoauut  charcoal,  wliirli. 
according  to  Favre,  absorbs  172  volames  of  anmionia,  97 
volaraes  of  carbon  dioxide,  0!)  of  hyponitrous  oxide,  and 
165  of  hydrogen  chloride.  In  the  first  case  494  lieat- 
units  are  evolved.  Obviously  in  these  cases  the  absorp- 
tion is  the  greater  in  }>ropoiiion  as  the  j^as  is  more  easilj" 
condensable  to  a  liquid  ;  hydrogen,  for  example,  being 
absorbed  oulv  to  the  extent  of  two  volumes. 

A  similar  action  is  observed  with  metals.  The  in- 
crease of  mass  observed  iu  a  platinum  dish  when  it  is 
allowed  to  stand  after  weighing  is  due  t<i  gas  condensed 
apon  its  surface,  Bheet  platinum  condensed  four  vol- 
umeSy  silver  one  volume,  and  iron  0*44  volume  of  hydro- 
gen, and  silver  seven  volumes  of  oxygen,  in  Graham's 
experiments.  In  the  finely  divided  and  therefore  highly 
porous  forms  of  platinum  sponge  and  pliitiuum  black, 
(his  metal  is  very  active  and  condenses  250  volumes  of 
oxygen  into  its  pores.  Palladium,  liowever,  <if  all  the 
metals,  possesses  this  property  to  the  most  remarkable 
extent,  Graham  having  shown  that  it  is  capable  of  cou- 
dcDHtng  980  voliunes  nf  h^'drogen  into  itself.  Since  the 
metal  is  not  porous  like  charcoal,  this  absorption  of 
has  received  the  uame  oocluaion  (Graham).  The 
rptiou  of  hydrogen  ma^-  be  effected  (a)  by  electroly- 
if  ubiug  a  strip  of  palladium  as  the  kathode;  {h)  by 
heating  the  motal  in  vacuo,  then  admitting  hydrogen 
and  allowing  it  to  cool ;  and  (c)  by  passing  the  gas  over 
heatei]  palladium  and  cooling  it  in  a  current  of  the  gas. 
By  this  occlusion  the  volume  of  the  metal  is  increased 
by  0HK>827  of  its  initial  bulk;  wlience  the  condensation 
of  the  hydrogen  must  have  reduced  it  to  9868  times  its 
normal  densit}*,  or  to  0*88  as  compared  with  water. 
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KXPCRIMCNTS. — 1.  Introduce  into  a  tall  glass  Jar  filled  with  aiD- 
tuoniagas  aud  stnudin^  over  mercury  (Fig.  65),  iv  piece  of  chami&l, 
made  from  the  shell  of  tbu  cocoauut,  which  tuu 
|l  been  heated  to  redness  in  sand  just  previous  tu 

11  use  and  allowed  to  cool  away  from  the  air    The 

II  g&A  will  be  absorbed  aud  the  mercury  be  seen  to 

II  riHe  in  the  tube.     It  is  to  tfiB  oxygen  thus  eoa- 

H  denneil  in  the  pores  of  charconl  that  its  (rfficieiKf 

H  lis  a  disinfectant  and  decolorizcr  is  due. 

JgJu^jS  ^'  ^^^^^  ^  fnigaient  of  spongy*  platinom  m 

lT^^TI  front  of  an  escaping  j**t  of  hydrogen.     It  will  at 

N^M^^^b   oiit-'t)  glow  from  the  heat  evolved  by  the  auion 
^^^^^"^^^   of  the  hydrogen  with  the  occluded  oxygen,  and 
Fio.  M.  finally  light  the  gas  at  tlie  jet.     Platinum  black 

will  act  in  the  same  way,  and  even  asbestus  which  has  tn.^t^u  soaked 
in  a  solution  of  platinie  chloride,  dried,  and  afterward  ignited. 

3.  Place  a  coil  of  platinum  wire  or  a  small  platinum  spoon  io  the 
Same  of  a  Buusen  burner  until  fully  ignited,  and  then  tarn  olT  the 
gas.  If  now  the  coil  or  spoon  be  suitably  placed  above  the  burner 
and  the  gas  turned  on,  the  metal  will  rise  to  full  rednc&s  and,  if 
placed  a  little  to  one  side,  will  Mnalty  light  the  gas. 

4.  Place  in  a  Hat  dish  containing  dilute  sulphuric  acid  two  coiled 
strips  of  metal,  one  platinum,  the  other  palla<lium,  the  latter  lieing 
varnished  on  its  outer  side  and  provided  with  a  pointer  at  its  free 
end.  Make  the  palladium  the  kathode  and  »end  a  current  thnmgh 
the  coll  thus  arranged.  The  absorption  of  the  hydrogen  will  take 
place  on  one  aide  of  tho  palladium  only,  and  will  cause  that  el«e- 
trode  to  uncoil,  as  will  be  shown  by  the  pointer.  On  reversing  the 
direction  of  the  current,  the  kathode  will  return  to  its  former  posi- 
tion. 

This  absorption  of  gases  by  metals  appears  to  be  of 
the  uatuve  of  true  Holutiou,  in  which  the  metals  behave 
like  colloid  substances;  the  plienomenon  being  Jiiialo- 
gous  to  the  absorption  of  carbon  dio.^ide  bj  caoutGhoi3(% 
which  takes  up  two  per  cent  of  it  Graham  showed  that 
while  a  platinum  tube  I'l  ntilliraeters  thick  and  haviug 
a  surface  of  one  square  meter  will  transmit  at  a  red  heat 
489  cubic  centimeters  of  hydrogen  per  minute,  a  caout- 
chouc film  0014  millimeter  thick  and  having  the  same  sur- 
face will  transmit  only  129  cubic  centimeters  per  minute 
at  the  temperature  of  20"".  Deville  many  years  ago 
observed  that  "  the  permeability  of  such  homogeneous 
substances  as  platinum  and  iron  is  quite  different  from 
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the  passage  of  gases  through  such  uoD-compaci  sub- 
stances as  clay  and  gmpbite."  Iii  the  former  case  the 
^asdissolres  iu  the  colloid  metal,  truTerses  it  aud  evapo- 
rates on  the  other  side,  as  it  would  do  in  the  case  of  a 
liquid  film.  Thus  hjdroi^en  traverses  the  walls  of  a 
rubber  balloon,  and  carbon  dioxide  those  of  u  soap- 
bubble,  more  readily  tliau  air  ;  ho  that  iu  air  »  hydrogen 
balloon  and  a  carbon  dioxide  soap-bubble  both  contract. 
But  if  they  both  be  filled  with  air  and  placed,  the  bal- 
loon in  hydrogeu  and  the  soap-bubble  in  carbon  dioxide, 
they  both  will  expand.  In  both  cases  the  gas  dissolves 
iu  the  material  composing  the  septum,  passes  through 
it  by  diffusiou  aud  then  evaporates  on  the  other  side. 

Chemical  reactions,  liowever,  seem  to  intervene  in 
these  coses  quite  promiuentl}'.  Graham  proved  that 
the  occlusion  of  hydro»;en  by  palladium  gives  rise  to  the 
production  of  a  definite  hydride  Pd,H.  Aud  the  dis- 
corery  of  the  fact  that  sodium  unites  with  2:^8  volumes 
of  this  gas  to  form  sodium  hydiide  Na,H,  iu  which  the 
hydrogen  has  a  definite  pressure  corresponding  to  the 
temperature,  sustains  the  opinion  of  Mendelceff  that  oc- 
dusion  "  presents  a  similar  phenomenon  to  solution, 
based  as  it  is  on  the  capacity  of  metals  of  forming  un- 
stable easily  dissociating  compounds  with  hydrogen 
similar  to  those  which  salts  form  with  water/*  The 
transfer  of  carbon  monoxide  through  red-hot  cast-iron 
becomes  explicable  through  Mond  k  Langer's  discovery 
of  iron  carbonyl  Fe(CO),.  And  Bortholot  considers  that 
ih^.  oxygen  iu  platinum  black  exists  in  the  form  of  an 
unstable  suboxide,  to  wliich  is  due  its  ready  uctiou  upon 
hydrogen. 

189.  Diffusion  of  Li4]ui<ls. — Iu  liquids,  too,  molec- 
ular motion  is  active  in  producing  difl'asion.  Even  in 
homogeneous  liquids  there  is  a  constaut  transference 
of  the  individual  particles  from  })lac*^  to  place  through- 
out the  mass.  If  a  strong  solution  of  any  substance  be 
carofully  introduced  beneath  a  mass  of  water,  it  will 
be  found  that  the  heavier  solution  diffuses  into  the 
lighter  one,  even  against  gravity.    If  the  denser  solution 
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he  a  colored  one,  the   i)rogresH  of  the  diffusion  caD  be 
watched  by  the  eye.     Gruhain  fonud  that  if  the  time  re- 
quired for  a  given  mass  of  hydrochloric  acid  to  diffuse  into 
water  bo  taken  as  unity,  that  required  by  common  salt  i» 
2*33,  sugar  7,  magnesium  Hulpbate  7,  albuineu  49,  and 
caramel  98.     So  that  sugar  travels  seven  times  as  far  an 
aibumon  in  the  same  time,  and  salt  three  times  as  Lir 
as  sugar.     In  these  ex})eriments,  Graham  used,  a  wide- 
mouthed  bottle  nearly  full  of  the  solution,  placed  in  a  jar 
of  water  whoKu  surface  was  about  one  or  two  centimeters 
above  the  top  of  the  bottle.     After  a  given  time  the 
amount  of  diffused  scdid  was  dpteruiined    by  analysiH. 
It  was  found  to  be  proportional  (1)  to  the  time,  ^2j  l«» 
the  streutfth  of  the  solution,  (3}  to  the  temperature,  and 
(4)  to  the  coefficient  of  diffusion  of  the  substance  used. 
This   cot'rticient   may  be   defined   as   the  mass  of  any 
substance  which   passes  through    unit  surface    in  unit 
time,  in  a  solution  where  the  fall  of  concentration  for 
unit  of  length  is  unity  ;   i.e.,  in  which  unit  of  mass  nf 
substauce  is  cont»iinRd  in  unit  volume  of  the  solndon. 
Thus  measured  the  coefficient  of  hydrochloric  acid  at  6* 
is  1-74  ;  for  common  salt  at  5^  076,  and  at  10^  0-91 ;  for 
sugar  at  0°,  0-31 ;  for  albumen  at  13",  0*06 ;  and  for  cara- 
mel at  10^  005.     Thus  in  a  solution  of  salt  containing 
a  gram   per   cubic   cfutimeter   less  in  each  successiv** 
horizontal  layer  one  centimeter  in  thickness,  from  l>elow 
upward,  the  rate  of  advance  upward  of  the  salt   is,  at 
the  temperature  of  10°,  0*91  of  a  gram  per  day,  through 
each  square  centimeter  of  surface. 

lOO.  Collouls  anil  Crystalloiils.— Graliam  was  led  by 
his  experiments  to  divide  substances,  according  to  their 
diffusivity,  into  two  classes,  called  colloids  and  crystal- 
loids. The  former,  as  the  name  indicates,  are  glue-like 
substances  having  a  very  low  coefficient  of  diffasion. 
Such  art*  starch,  gum,  gelatin,  albumen,  amorplious  silica, 
and  ferric  oxide.  The  latter  class  includes  crystiilline 
substances,  which  have  a  high  diffusion  coefficient  Bach 
are  salt,  urea,  sugar,  hydrochloric  acid,  and  the  like. 
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otubrn  II  e-flifl*i]!(ion.— Osmose.  —  Ciyatalloida 
<liffuae  readily  through  colloids  ;  if  ft  liiver  of  pnre  jelly 
be  placed  ou  a  layer  of  jelly  containiug  a  soluble  salt, 
the  salt  will  diflfuse  iuto  tht>  upper  layer  as  into  water. 
Hence,  by  separating  a  saline  solution  from  pure  water, 
by  a  oolloid  membrane,  the  dissolved  crystalloid  will  be 
readily  transferred  by  diiTusiou  through  tlie  membrane, 
Aud  thus  separated  froui  any  colloid  substance  with 
which  it  may  be  mixed.  This  process  of  separating 
colloid  from  crystalloid  matter  is  called  dialysii  and  is 
<>f  great  use  in  the  arts.  The  best  membrane  for  tlxa 
parpose  is  found  to  be  parchmeutized  ])aper. 

The  phenomena  which  are  observed  when  two  mis- 
cible  iiipiids  are  separated  from  each  other  by  such  a 
luembraue  are  CMllod  osmose,  or  osmotic  phenomena. 
Nollet,  early  iu  the  last  century,  observed  that,  ou  iilliug 
m  bottle  with  alcohol,  tying  a  piece  of  bladder  over  its 
znoutli,  and  tlteu  immersing  it  in  water,  the  contents 
increase  so  as  to  distend  tjie  bladder  almost  to 
bursting.  Wliile  if  the  bottle  be  filled  with  water 
auid  immersed  iu  alcohol,  the  contents  diminish  in 
amoaot 


ExpEinMKVr^— To  illuairatt!  the  action  here  taking  plaoe.  lot  a 
layor  of  ahlorofarm.  A  layer  of  water,  an^l  th«*n  u  layer  of  ether  lio 
placed  itt  a  boltle.  It  will  Ik*  found  iiftor  n  tiim^  that  whilu  the 
rthtT  Ihi*  tniversed  the  WAtor  dowuwaf'l  into  ihe  chlttr(if(jrin,  none 
of  '  form  luLs  pMssLiI  iipwnrti ;  evidenlly  a  rL*8ult  of  the  fact 

ih.i  Lo  Aotw*  extent  soluble  in  the  water,  and  beint:  eontinu- 

JiU>'  rpuiov«tJ  fmm  the  water  layer  by  the  chloroform,  is  eventually 
«;ni»rely  triinsferreti  thrnnju:h  it.  In  ih»!  same  way  if  a  caoutchouc 
mrmhnin<3  bo  »«ed  to  tiepiiratc  alcohol  from  water,  it  will  be  wette<l 
by  the  alcohol,  bnt  not  by  Uio  water;  and  hence  will  allow  tho 
Alcohol  tu  [mss  throu}^h  it  into  the  water.  While  an  animal  metn- 
bran»%  like  the  bladder  cmployrd  by  Nollet,  beinjf  wcrted  only  by 
iho  VAti*r,  allows  only  the  water  to  piLsa  throu;j;li  it.  If  both  liquids 
Wet  \Uv  nH-nibrane,  but  in  difTereiil  dfgree-s,  there  is  transfer  in  both 

'ctions,  but  the  qnarifiticrtof  IWjuid  thus  transferrr-d  are  diflTerent. 

ig  KPeat<*!»l  for  Ihi!  liquid  having  the  jfrcater  attraction  for  the 
ibrane.  Tho  subject  of  fwmoae  is  of  great  importaitce  iu  physi- 
ology, tM>th  vegetftble  auil  animal. 
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19Ji,  Osmotic  Pressure. — Recent  investigations  lia 
greatly  extended  our  ideas  on  the  wubjectof  liqnid  diffu- 
sion.    If  a  porous  battery-cell  be  filled  for  a  time  with 
copper  sulphate  solution,  then  carefully  rinsed  and  filled 
with  potassium  ferrocyauide  solution,  a  semi-permeable  - 
septum  of  copper  ferrocyauide  will  be  formed  in  theJ^ 
walls  of  the  cell ;  so  that  if  a  solution  of  sugar,  for  ex-^ 
ample,  be  placed  in  it  and  the  cell  be  immersed  in  pur^ 
water,  while  the  water  will  pass  the  septum,  the  snga'^ 
will  be  retained  by  it     If  the  cell  be  closed  and  attache^f 
to  a  manometer,  it  will  be  observed  that  a  considerable 
pressure  is  developed  in  the  cell,  this  pressure  reaching 
a  definite  maximum  value  depending  upon  the  substance 
dissolved,  upon   the   concentration   and    upon   the   tem- 
perature.    This  pressure,  thus  produced  by  osmosis,  is 
called  osmotic  pressure.     A  one-per-ceut  solution  of  sugar 
produces  a  pressure  of  50  cm.  of  mercur}*,  and  a  similar 
solution  of  potassium  nitrate  a  pressure  of  more  than 
three  atmospheres.     Moreover,  since  osmotic  pressure 
is  proportional  to  density,  Boyle's  law  (194)  must  be  true* 
for  liquids  as  well  as  for  gases.    And  since  osmotic  pross^ 
ure  is  proportional  to  the  absolute  temperature,  the  lav* 
of  Gay  Lussac  (284)  is  also  true  for  both.     Combining 
these  laws,  we  have  pv  =  CT\  or  the  ratio  of  the  produc 
of  pressure  and  volume  to  the  absolute  temperature  ^ 
constant.     The  value  of  this  constant  has  been  calc^ 
lated  by  Pfeffer  for  a  one-per-cent  sugar  solution  ata 
found  to  agree  with  the  value  for  gases.     He  concluil 
that  "  the  osmotic  pressure  of  a  sugar  solution  Las  tis 
same  vahie  as  the  pressure  that  the  sugar  would  exear 
else  if  it  were  contained  as  a  gas  in  the  same  volume 
is  occupied  by  the  solution"  (Ostwald).     Moreover, 
this  result  is  true  for  other  substances,  the  law  of  Av 
gadro  appears  to  be  true  for  solutions  as  well  as  f< 
gases. 
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C.*— COMPRESSIBILITY   OF   FLUIDS. 


are 


(«)  Liquids. 

ConipreHNibilUy  of  Liquids, — A  liquid  has 
rea.<3j  been    detiiied   (159)    as    a    tiuid   having    a   hi 
volome-elasticity.      ludeed   the    fact   that   liquids 
compressible  at  all  was  established  ouly  iu  the  last  cen- 

|la»^.    It  was  not  until  1762  that  Canton  succeeded  for 
tkfe  first  time  in  deterniiuiug  the  amount  of  this  compres- 
fliV>ility.     His  apparatus  consisted  of  a  large  mercury- 
tli.ermometer,  the    position   of   the   mercnry  column   in 
^-l^ich,  at  a  given  temperature,  was  carefully  noted.     It 
**«18  then  heated  till  the    mercury  iilled  the  stem  and 
scaled.    On  cooling  it  now  to  the  same  temperature  as 
W^fore^the  mercury  column  was  oltserved  to  stand  higher 
tliau  at  first ;  owing  in  part  to  the  expansion  of  the  mer- 
^^^rv  on  removing  the  pressure  of  the  atmosphere,  and  in 
P'^rt  to  the  coraproKsion  of  the  reservoir.     Repeating  the 
experiment  with  water,  he  obtained  a  result  considerably 
^*^rg^r-     He  gives  the  change  of  volume  for  one  atmos- 
phere of  pressure  at  10°  C.  as  46  parts  in  a  million,  and 
^ot**s  the  fact  tiiat  the  compressibility  decreases  as  the 
temperature  increases.     Oersted  in  1822  used  a  similar 
apparatus — which  he  called  a  piezometer — but  which  was 
**^*t  Hpaled.     This  was  immersed  in  water  contained  iu  a 
"troDg  glass   cylinder  in  which   any  desired   pressure 
•^ild  l>e  produced  by  a  screw-plag,  this  pressure  being 
I       '■^©flHured  by  a  manometer.     His  expenmeuts  were  made 
I       '*^  Pressures  up  to  70  atmospheres.     Other  observers,  in- 
L    j'uding  Regnault,  Grassi,  and  Caillatet,  give  50  millionths 
H    *^'  the  compressibility  of  water  at  0°  for  one  atmosphere 
■  ^    l^l^asnre;  which  is  equal  to  4-9G  x  10"'  for  one  mega- 
u*'^  P**"  ***l"*f^  centimeter.     Their   results   also   give 
?^^t  3  millionths  for  mercury;  for  ether  at  10°.  146 
|.   ^^lionths;  for  carbon  disulphide  at  8^  100  millionths; 
—     **     "-Iphurous  oxide   at   14°, ;: 


millionthi 
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carbou  dioxide  at  l^'V^  5900  mUliontba  under  50  at- 
mospheres and  ouly  440  millioutLd  ut  90  atmospheres. 
Water  has  lis  miiiiinum  compressiibilitj  at  about  63'. 


(6)   Oases. 

104.  ConipressibllUy  of  Gases.— Boyle's  I^w. — Jusl 

as  a  perfect  liquid  may  be  defined  as  an  incompressible 
perfect  fluid,  on  the  one  hand,  so  a  perfect  gas  may  be 
defined  as  a  perfect  fluid  whose  elasticity  of  volume  ia 
equal  to  the  pressure  upon  it,  upon  the  other.  Evi- 
dently, therefore,  ^ases  must  Iw  exceetlinf^Iy  compres- 
sible. As  the  volume-elasticity  of  fluids  is  perfect,  aud 
is  of  course  equal  to  the  stress  called  out  by  unit  Btraiii, 
we  may  readily  calculate  the  relations  of  volume  aad 
pressure  in  gases.  The  strain  is  clearly  the  ratio  of 
the  change  of  volume  to  the  original  volume;  ie.,  is 
(v  —  v')/Vj  if  V  be  the  initial  and  v'  the  final  volume. 
The  stress  is  the  increase  of  pressure;  i.e.,  is  p'  —p. 

Whence  the  elasticity  by  definition  is  i—^ — /tt-  :  and 

•^  yv  —  V  )/v 

this  for  gases  is  equal  t<i  p',  the  final  pressure  upon  the 
gus  after  compression.  Prom  this  we  geft  p'v'  =  /)v  ;  or 
what  is  the  same  thing,  p  :  p*  ::  v'  :  v;  that  is,  the  vol- 
ume of  a  perfect  gas  varies  inversely  as  the  pressure 
upon  it.  This  is  the  law  of  llie  cnujpresHibility  of  givses 
which  was  published  in  10G2  by  Robert  Boyle  and  hence 
is  commonly  known  as  Boyle'B  law.  But,  since  when  two 
quantities  vary  inversely  as  eucli  other,  thoir  product  re- 
mains constant,  we  may  express  Boyle's  law  by  the  equa- 
tion  pv=.C,  where  C  is  a  constant  depending  on  the  mass 
and  the  temperature  of  the  gas.  Moreover,  iuaKmueh  as 
the  density  is  inversely  as  the  volume,  we  may  write  the 
above  equation ^'tf  =  pS';  that  \a,  p  :  p'  ::  d  :  tf';  or  the 
density  of  a  gas  varies  directly  as  the  pressure  which  is 
exerted  upon  it. 
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ExpsRiMRNTB.— The  law  of  Boyle  may  be  expcrimentjilly  illua- 
trwed  bymoADS  of  two  forms  of  upparalus  origiuftlly  devised  by  thia 
phitosopher  himself.  The  first  of  these,  employed 
for  prtt^sures  greater  than  one  atraosphero,  con- 
fiista  of  a  long  glass  tube  (Fig.  fl«)  recurved  at  its 
lower  end  and  sealed.  Let  mercury  be  pourwi 
inio  this  tube  so  as  t^i  rise  to  mm'  just  above  the 
bend  and  c<iaalIyou  the  two  sides  of  it.  A  definite 
portion  of  air  under  the  normal  atmospheric 
prusHurc  will  thus  be  encl©.sed  in  the  shorter  leg. 
Suppose  it  ofcupies  a  len^'th  of  20  et'ntimeters. 
Add  now  more  muri-ury  until  the  col- 
nmn  in  the  longer  \eg  stands  at  B  76  cen- 
timeters higher  than  in  the  shorter  leg.  It 
will  bo  seen  that  the  nicrcury  has  risen  to 
nn'and  that  the  air  column  in  the  shorter 
leg  has  been  diminished  to  10  centime- 
ters by  this  increase  of  pressunt.  That 
is,  the  pr*»ssurt^  havitig  In-en  inoiva.sed 
from  one  atmosphere  to  two.  the  vohiux; 
lias  l>oen  reduced  from  20  ceutimoters  to 
10  ;  or  the  volumt*  hfw  varied  inversely 
3^iW  the  pressure,  and  Iheir  product  has 
remained  constant.  If  the  mercury-col- 
^^  Fxa.<ii  ujjjjj  ^  increased  to  152,  to  228,  or  (a 

***  ^^t^ntimetcrs,  the  pressure  will  be  increased  to  3,  4.  or  5 
•^''Xosphww.  and  the  volume  will  l>e  reduced  to  one  third, 
*^^e   fourth,  or  to  one  fifth  of  the  orijjiual  volume. 

For  pressures  less  than  one  atmosphere  Boj'le  use<l  a 
i?»tt&d  tube  open  l>elow  and  ctosetl  alMtvo,  like  a  baroni'^ter- 
^ii^M?,  but  cotitAintng  some  air  above  the  mercury.     This  wtvs 
imtnrfwil  vertieally  in  a  tubular  n-servoir  CD  (Fie:-  67J. 
* i>*'ii  (he  lube  is  depressed  so  that  the  mercury  within  and 
without  stands  at  the  sjimr  level,  the  enolose<l  air  is  at  at- 
^<*pheric  pressure.      If  Iho  tube  be  now  raised  until  the 
'^tury  rohimn  within  it,  CB,  stands  at  J3H  centimeters 
«ooTe  the  mereury  in  the  reservoir,  this  colnmn  will  evi- 
^^'jr  supfjort  half  the  pressure  of  the  atmosphere,  leaving 
i7*  ftlciticity  of  the  gas  to  support  the  other  half.     It  will 
— ^     **otlood  that,  in  consetpience  of  this  rcductiou  of  the       - 
?J^*^nre  to  one  half,  the   volume  of  the  air,  AB,   has    ^^°-^- 
I   ^led.     If  the  tube  be  still  farther  raise<I,  so  that  (ho  mercury 
_^^^t3in  stands  at  57  centimeters,  evidently  the  air  will  now  be  sub- 
^[^*id  ro  only  one  fourth  of  its  former  pressuret  and  its  volume  will 
^TJadnipIed. 


lOd 


PU7SIC8. 


In  ex])Ianatinn  f»f  the  expreBHion  pv  =  C,  above  em- 
ployed, wt  may  take  uuit  uihsb,  one  gram,  of  hydrogen 
at  0°.  lu  case,  the  pressure  upon  it  is  that  of  the 
atmosphere,  this,  as  we  have  seen,  is  1*0126  X  10*  dynec 
The  volume  of  this  one  gram  of  hydroji^en  is  11200  cabic 
centimeters.  The  produt:t  of  these  two  vahies  is  l'13o  X 
10'**,  the  value  of  C.  It  is  the  same  for  16  grams  of  oxy- 
gen, for  35*5  of  chlorine,  and  for  14  of  carbon  mnnoTide; 
these  numbers  being  in  the  ratio  of  the  molecular  masse* 
of  these  gases.  Of  course  for  10  grams  of  hydrogen  or 
140  grams  of  carbon  monoxide  the  constant  is  IOC; 
increasing  directly  with  the  mass. 

Boyle*8  law  is  sometimes  expressed  thus:  P/6  =:  C; 
or,  the  ratio  of  the  pressure  to  the  density  is  constani 
This  expression  is  dependent  only  upon  the  temperature 
and  the  special  gas  employed.  If  the  pressure  be  stated 
in  grams  per  square  centimeter,  then  C  represents  for 
any  gas  the  height  of  the  homogeneous  atmosphere  of 
that  gas. 

105.  Variation  tVom  BoyloVLaw, — Actually  existing 
gases,  however,  are  not  perfect  and  therefore  do  not  con- 
form exactly  to  the  law  of  Boyle.  If  the  expression pt?  ={? 
\te  plotted  gi'aphically,  taking  for  volumes  distances  along 
the  axis  of  abscissas,  and  for  pressures  distances  along 
the  axis  of  ordinates,  we  Khali  find  that  the  locus  of  this 
equation  is  a  rectangular  hyperbola,  whose  asymptotes 
are  the  axes.  For  a  perfect  gas,  therefore,  the  volume 
can  l>e  znro  only  under  an  infinitely  great  pressure,  and 
the  pressure  can  be  zero  only  when  the  volume  is  infi- 
nitely large.  But  since  no  gas  possesses  this  property  of 
infinite  compressibility  or  infinite  expansibility,  no  gaa 
follows  exactly  Boyle's  law.  The  gases  which  follow  the 
law  most  nearly  are  hydrogen,  oxygen,  and  nitrogen; 
while  such  gases  as  sulphurous  oxide,  chlorine,  and 
carbon  dioxide  depart  from  it  most  widely.  Bnt  these 
liMt-named  gases  are  those  which  are  most  readily  lique- 
fied by  pressure.  Hence  a  gas  is  the  more  perf*H't  in 
proportion  as  it  is  at  a  greater  distjince,  as  regards  both 
temperature  and  pressure,  from  its  liquefying  point.    The 
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hoBt  exteuded  researches  ou  Bojle's  law  are  those  of 
\.magat,  made  in  a  way  essentially  similar  to  that  above 
iescril>ed,  but  on  a  very  large  scale.  The  shorter  leg  of 
the  tube  was  of  strong  glass.  The  longer  was  a  steel  tube 
330  meters  long  placed  in  the  bhuft  of  a  coal-pit.  By  a 
powerful  pnnip,  mercury  was  forced  in  to  the  bottom  of 
the  steel  tube  until  it  ran  out  of  a  tap  placed  at  a  certaiji 
height.  After  measuring  the  volume  of  the  compressed 
gag,  the  tap  was  closed  and  the  mercury  forced  up  to 
the  next  tap.  In  this  way  the  pressures  were  extended 
to  4<X)  atmospheres  ;  ami,  taking  the  value  ol pv  as  unity 
for  the  ordinary  pressure,  it  was  found  that  in  the  case 
of  air  this  value  decreased  up  to  about  77  atmospheres, 
when  it  wus  Oi>803.  At  170  atmospUf^res  it  was  10113. 
d  at  4<K)  atmospheres  1'1897.  I'p  to  a  pressure  of 
53'3  atroospherea,  therefore,  air  practically  obey» 
oyle's  law,  b^ing  reduced  by  this  pressure  to 
y'152*3  of  the  volume  wliioh  it  occupies  at  one  atmos- 
here. 

IIMJ.  ApiilicatloiiH  of  Boyle's  Lnw.~I>lAnometers.— 
struraentj*  for  measuring  the  pressure  exerted  by 
quids  and  gases  are  called  pressure-gauges  or  manom- 
In  their  simplest  form  they  consist  of  a  closed 
eservoir  coutainiug  tnercury — though  for  small  press- 
tree  water  may  bo  used — having  a  glass  tube  open  at 
K>tb  endft  passing  through  its  top  and  terminating  be- 
the  siirface  of  the  mercury.  On  opening  communi- 
tatioD  between  the  vessel  containing  the  pressure  to  be 
nea.<9ured  and  this  reservoir,  the  mercury  is  forced  up 
Le  lube  to  a  height  which  balances  this  pressure.  The 
fesalt  may  be  expressed  either  in  centimeters  of  mercury, 
atmospheres  of  76  centimeters  eadi,  in  grams  per 
»qnare  centimeter,  or  in  dynes  per  square  centimeter. 
ore  lately  the  custom  has  been  to  express  the  pressure 
11  "atmospheres"  of  one  megadyne  per  square  centi- 
eter ;  a  value  very  nearly  equal  to  the  pressure  of  75 
centimeters  of  mercury. 

For  measuring  higher  pressures,  the  manometer-tube 
closed  at  top  (Fig.  fiS)  and  then  the  air  in  it  suffers 
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compreBsioD  according  to  the  law  of  Bojie.  Under  one 
atmoHjihere  of  prcHsure,  the  colauui  of 
mercury  is  at  the  sniue  height  be  in  both 
legs.  But  as  the  pressure  iDcreases,  the 
air  iu  the  closed  leg  is  compreBsed  ftinl 
its  volume  dimiuishes ;  the  volume  being 
jilways  inversely  as  the  pressure.  If  I 
ho  the  length  ah  of  the  air-column  Dor- 
inally  and  x  the  height  d  to  which  tlie 
mercury  rises  when  the  pressure  ia  % 
atmortph*>res,  /  —  .e  or  nd  will  equal  the  new  length  uf 
the  iiir-coluiuu  and  we  shall  have  /*  :  P'  : ;  ?  —  x  :  /;  or 
P*  =  Pl/{1  —  X),  But  by  hypothesis  P'  =  nP,  where  ? 
represents  one  atmosphere.  Hence  Pl/Q  —  x)-\-2x  =:.  nF; 
or  in  f)ther  words,  the  elanticity  of  the  compressed  air 
plus  the  height  of  the  mercury-column  2x  is  equal  to  it 
atmospheres.     Solving  for  x  we  have 
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X  = 


nP  +  '2l±  V(nP  +  2i)'-8(n-l)« 


[35] 


The  lower  sign  only  is  admissible,  sijice  when  n  =  1,  x 
should  equal  zero.  By  replacing  n  iu  this  equation  by 
successive  numerical  values,  the  points  on  the  scale 
which  represent  these  pressures  can  he  calculated. 

For  measuring  pressures  less  than  that  of  the  atmos- 
phere vacuum-gauges  are  employed.  If  the  reservoir 
of  a  barometer  be  closed  and  connected  with  a  vessel 
from  which  the  air  is  being  removed,  the  mercury-col- 
umn will  fall  iu  proportion  as  the  pressure  decreaseSb 
J5o  if  the  upper  end  of  an  open  tube  dipping  in  mercuir 
be  connected  with  stich  a  vessel,  the  mercury  will  rise 
as  the  pressure  within  the  tube  decreases  ;  so  that  the 
difference  between  its  lieight  and  that  of  the  barometer 
measures  the  pressure.  Another  form  of  vacuum-gauge 
consists  of  a  (J-t^be  ten  to  twenty  centimeters  long,  one 
€ud  of  which  is  closed,  the  closed  leg  being  entirely  filled 
with  mercury.  The  mercury  is  sustained  in  the  tube  by 
the  atmospheric  pressure  ;  and  hence  when  the  pressure 
of  the  air  iu  the  space  containing  the  tube  is  diminished 
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the  niercarj-colanin  falls.     The  pressure  in  the  space  is 
proportional  to  the  difference  of  level  in  the  two  legs. 

Besides  thitse  forms  of  pressure  and  vacuum  gauges 
there  are  others  used  in  practice,  made  of  metal.  The 
Bourdon  gauge  is  provided  with  a  thin  flattened  curved 
tube,  ha\ing  one  end  fixed.  The  motion  of  the  free  end 
as  the  pressure  varies  within  the  tube,  multiplied  by 
Biiital>}e  deWces,  indicates  the  pressure  to  be  determined. 

197.  Metliorts  of  rcmoviug:  Air.— Alr-punips. — Air 
may  be  removed  from  any  vessel  by  utilizing  the  fact 
that  gases  are  indefinitely  expansible.  If  such  a  vessel 
be  put  in  commuuication  with  a  second  vessel  from 
which  the  air  has  been  entirely  removed,  the  air  in  the 
first  will  expand  to  fill  both  vessels,  and  consequently  its 
amouut  in  the  tirst  vessel  will  be  reduced  in  proportion 
to  the  relative  capacities  of  the  two  vessels.  If  the  two 
are  of  equal  volume,  only  one  half  of  the  air  will  be  left 
in  the  first.  If  the  second  is  nine  times  the  volume  of 
the  first,  only  one  tenth  of  the  air  will  remain  in  the 
first  after  they  are  connected.  In  general,  if  the  vol- 
nmes  are  l:n,  the  amount  of  air  in  the  tirst  vessel  will 
be  reduced  to  1/(1  +  n)  of  its  former  amount. 

Air-pnrops  are  devices  for  removing  the  air  from  a 
given  vessel  by  the  method  above  mentioned.  In  the 
older  forms  of  the  instrument,  a  piston  is  made  to  move 
air-tight  in  a  cylinder,  at  the  bottom  of  which  is  a 
ralre  opening  inward  (Fig.  69).  On  the  top  of  the  piston 
in  a  double  valve  opening  out- 
ward. On  pushing  the  piston 
to  the  bott<im  of  the  cylinder,  the 
air  cdcapes  through  the  piston- 
valres.  So  that  if  the  valve  in 
t)j©  cylinder  were  kept  closed, 
there  would  be  no  air  in  the 
cylinder  when  the  pist<m  is  again 
raised.   Bnt  the  vessel  to  be  ex- 

steil  is  attached  to  the  lower 
d  of  the  cylinder  ;  and  hence 
aa  soon   as   the  pressure  within   this  vessel   becomes 
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gTBAler  than  that  in  the  ojliudt* r,  Le.,  as  soou 
pistou  has  begun  to  rise,  this  pressure  n-ill  lift  the 
aiid  the  air  will  expand  to  Eil   both  veHsels  aa  a 
By  repeating  this  pri>cess,  as  tnanr  eK}>iuisious  ui^j  bi 
produced  as  are  neoeasarj  to  obtain  the  desired  r 
It  i^  clear  that  no  farther  exhaustiou  'm  possible 
the  pressure  in  the  vessel  is  less  than  that  required 
to  lift  the   valve.     Hence  it  is  Bometiues  raised  aut> 
ujaticslly  by  the  piMon  as  it  moves.    Moreover,  iu  thc^irj 
a  perfect  vacuum  cannot  he  obtained  in  this  vtaj,  since, 
as  we  hAve  just  seen,  the  air  in  the  receiver  is  reduced 
by  each  istruke  to  l/il  -\-  n)  of  its  former  amount.    After 
the  first  stroke  there  is  1/(1  -|-  n)  of  1,  the  volume  of  ths 
vessel ;    Le.,  the  mass  of  air  left  after   the    first  stntke 
is  1/(1  -f-  n).     After   the   second   stroke    there  will  be 
1/(1  +  n)  of  this  left ;  which  is  1/(1  +  »)  X  1/(1  +  n) 
1/(1  -|-  «)* ;  and  so  on.     At  the  end  of  the  mlh  stroke  the 
niiiss  of  air  in  the  vessel  will  be  reduced  to  1/(1  -j-  n)"of 
the  original  amount.    And  tbis  cannot  become  zero  uitil 
the  number  of  strokes  becomes  infinite,  or  m  =  x .    If 
the  original  pressure  be  p^  and  the  final  pressuie  be  p,^ 
then  we  have  for  the  final  pressure  />,  =  (1/(1  -f~  ^T)Pt' 

Suppoee,  for  example,  ibAt  tbc  cylinder  of  the 
air-pump  has  twice  the  capacity  of  the  vessel  lo  be 
exhHU8t<>d.  After  the  fli%t  stroke.  }  of  the  air 
will  remain  in  the  ve&sel ;  After  the  second,  (  of 
this  or  I  of  ihe  ori^pnal  amount.  So  thai  after  W 
Blmkes  f  J)"  or  about  rHvi  '^f  *^^  nri^n*l  aif 
only  will  remain  and  the  pressure  will  be  reduced 
00,000  times. 

108.  Meroury-punipg. — The  mor^ 
modern  forms  of  air-pump  are  worked 
by  means  of  liqnid.s,  generally  mercury , 
whence  they  are  sonietimea  called  mer 
eury-pumpB.  The  earlieHt  apparutas  ol 
this  sort  was  devised  by  Geisslerof  Bonn 
iu  1857  and  is  known  as  the  Geissler  pnmp 
Fia.TQ.  (f'ig-  70).    It  consists  of  a  stoat  glass  tub 

two  or  three  centimeters  in  diameter  and  nearly  a  mete 
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Dug,  baring  at  top  a  globe,  A,  of  about  a  liter  capacity, 
rminuted  by  a  carefully  grouud  glass  tap,  (7,  known  aa 
three-way  tap.  "VNlieu  turued  as  shown  in  tbe  figure, 
le  globe  is  in  conimuuicatiou  witb  the  left-baud  tube  d ; 
Old  when  rotated  through  90",  it  is  connected  with  the 
igbt-haud  tube  e.  To  the  lower  end  of  the  tube  is  at- 
rbed  a  piece  of  stout  rubber  tubing,  whic]i  connects 
Itis  tube  to  a  spherical  reservoir,  B^  coutainiug  mercury. 
Li  tbe  reservoir  is  ruis6<l  the  mercury  rises  iu  the  tube, 
be  tap  being  ojten  through  e,  and  fills  the  globe  com- 
letely.  The  tap  is  then  cloHed  and  tlie  reservoir 
>wered.  The  mercury  iu  the  tube  falls  until  the  ditfer- 
ruce  of  level  in  the  tube  and  in  the  reservoir  is  the 
ian*nietric  height  E\'idently  now  the  vacuum  in  the 
lobe  and  tube  above  the  mercury  is  a  Torricellian 
acnuni.  Ou  turning  the  tap  C  so  as  to  put  the  globe 
lito  communication,  by  the  lateral  tube  rf,  with  the  vessel 
o  be  exhausted,  the  air  iu  this  vessel  will  expand 
fill  both.  The  tap  is  then  closed,  the  mer- 
mry  reservoir  again  raised  and  the  air  iu  the 
lobe  expelled  through  the  tul>e  e,  the  tap  being 
urued  for  the  purpose.  By  repeating  this  pro- 
seas  the  exhaustion  may  be  carried  to  any  desired 
egree.  Moreover,  by  means  of  the  recurved 
ul>e  shown  above  e,  the  pump  may  be  used  for 
ransferring  any  gas  drawn  iu  at  f/,  to  a  suitable  i> 
aervoir. 
Subsequently  (1861)  Sprengel  devised  another 
of  mercury-pump,  which  is  now  called  by' (I 
ame.  In  its  simplf  st  form  (Fig.  71)  it  consists 
f  %  straight  thick  tulx:  of  glass,  A^  of  rather  small 
)ore  and  about  a  meter  long,  enlarged  at  its  top 
uto  a  cylindrical  bulb,  Z>,  provided  with  a  lateral 
be, a.  Into  the  upper  end  of  this  bulb  a  narrow 
be,  bf  is  sealed  by  a  ground  joint ;  tliis  tube  ex- 
onding  downward  to  two  thirds  the  length  of  the 
mlb.  The  second  tube,  D,  is  connected  at  its  lower  fio.  n. 
nd,  c^,  by  means  of  a  stout  rubber  tube,  with  a  reservoir 
f  mercury  placed  above  c,  the  highest  part  of  the  ap- 
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paratus.  The  vesHe]  to  be  exLiuisted  in  attached  to  tKa 
lateral  branch  a.  On  allowing  mercury  to  run  down  th« 
rubber  tube  from  the  reservoir,  it  flows  iuto  the  tube  A 
rises  through  C,  where  it  is  freed  from  luechauical  im- 
pnritios  (expelling  the  air  through  r,  which  is  momeo- 
tarily  opened  for  the  purpose),  and  passes  through  tlie 
tube  h  into  the  pump  B,  The  flow  of  thia  mercntr 
clown  Iho  tube  A  causes  a  diminution  of  pressure  in  B, 
and  the  air  from  the  vessel  flows  iuto  tlie  main  tube, 
breakirg  the  column  in  A,  into  little  cylinders  of  me^ 
cury,  each  acting  like  a  piston  to  increa*ie  the  volume  into 
which  the  air  from  the  vessel  can  exi>an(L  The  mercury 
flowing  from  the  tube  is  collected  in  E,  from  which  k 
overflows  through  e  into  a  suitable  jar  and  is  returned  *t 
iufcervjils  to  the  reservoir. 

Both  these  mercur^^-pumps  have  received  important 
and  valuable  improvements  at  the  hands  of  Rood.  Al- 
vergiiiat,  Crookes»  and  others.  It  appears,  however,  tlut 
w  hile  the  Geissler  pump  is  more  rapid  in  its  action,  tbe 
Sprengel  pump  is  capable  of  giving  the  higher  vacuiim. 
Batthe  Geissler  pump  is  intermittent  in  its  o|>eration,  and 
the  Sprengel  pump  is  exceedingly  slow.  In  many  CAsas, 
therefore,  a  ]>artial  exhaustion  is  first  obtained  by  un 
ordinary  air-pump  and  the  vacuum  is  then  compleleil 
by  the  mercury-pump. 

Buusen  introduced  a  modification  of  the  Sprengwl 
pump  into  laboratories,  for  the  purpose  of  hastening  til- 
tration.  It  is  known  as  the  Bunsen  filter-pump,  and 
uses  water  instead  of  mercury;  of  course  requiring  a  fftll 
of  ten  meters  or  more. 

mo.  Hitrli  Vnt'im,— Fourth  State  of  Matter.— The 
vacuum  obtainable  with  the  common  air-pump,  in  prac- 
tice, is  very  far  below  that  which  theory  indicates,  owing 
to  difHcultiea  of  construction.  It  is  a  good  pump  whioli 
will  give  a  vacuum  of  one  millimeter  of  mercury;  and  & 
vacuum  of  0O5  milliraeter  h\s  rarely,  if  ever,  been  ob- 
tained iu  this  way.  But  by  means  of  the  niRrcury-poiap 
it  is  not  at  all  diflicidt  to  leiluce  the  meroury-pressim 
in  a  vessel  to  one  millionth  of  its  uorxnal  value,  or  io 
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00076  of  &  uiillinieter.     The  Sprengel  form  of  putup 

to  be  prefen*ed  for  the  purpose  where  very  high 

a  nre  required. 

We  are  indebted  to  William  CrookeB  for  the  extraor- 

inarj  developiiieniM  Avhieli  have  receutlj^  bilcHn   place 

this    direction  ;   uot   ouly  for   the   greatly  improved 

ethodH  for  obtaiuiug  higli  vacua  wliich  he  hua  devised, 

but   also  for  the   remarkable   pheuomena  exhibited  iu 

the»e  liigh  vacua  wheu  ])roduceu^     Beginuiug   his  re- 

Benrclies  iu  coiiuectiou  with  Jiih  radiometer,  he  extended 

them  to  the  study  of  tlie  properties  of  a  gas  so  rare  that 

it  would  Hupport  u  uiercnry-columu  only  one  inilliouth 

cf  the  barometric  height.     And  ho  extraordinary  did  he 

£nd   thene    propertien    that   he  was    led   to    consider   a 

Vacuum  of  this  sort  as  in  a  true  sense  a  fourth  state  of 

inatter ;  being  iu  its  properties  quite  as  different  from 

phe  onlinary  gaseous   stat^?  as  this  is  from  the  liquid 

ktate.     These   results  we  shall    refer  to   subsequently, 

kt   is  aufficient  to   say  here  that  the   liighest  vacuum 

«  *      '      1  by  him  was  about  oue  twenty-millionth  of  an 

here.     Tliis  great  rareness  was  determined  by  an 

euiouR  apparatus  known  as  the  McLeod  gauge.     This 

ange  consists  of  a  closed  tube  of  small  bore  surmount- 

g  a  globe  at  the  t^qi  of  a  barometric  tube.     The  small 

be   IN   carefully   calibrated  *iu   terms  of    the   known 

'  of  the  glnbe,  and  the  globe  is  connected  with 

f  -.'1  to  bo  eximusted.     T«i  ast'ertain  the  degree  of 

ixhanstiou,  a  sejiarate  reservoir  of  mercury,  connected 

rith    the  lower   end  of    the    gauge  barometric   tube,  is 

iii2U.-d.     The  mercury  rises  io  the  level  of  a  lateral  tube 

ust  below  the  glol>e,  and  then  cuts  off  connection  with 

lie   pnni]*.     Continuing  to  rise,  this   mercury  fills  the 

1oIh>  and  drives  the  rosidual  air   into  the   measuriug- 

u\te  at  it8  top ;  the  volume  of  which  nniy  be  read  off  at 

tfnospheric   ]»reH»nre  when   the   mercun-level   is   the 

tumc  in  this  tube  as  iu  the  lateral  tube.     If  this  volume 

>e  one  cubic  'millimeter,  the  volume  of  the  globe  and 

una-Hiiring-tube  being  one  liter,  the  vacuum  is  evidently 

»nc  millionth  of  an  atmitsjihere.     JJy  an  improvement  in 
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the  Sptfiii^el  pump  Rootl  in  1881  succeeded  in  obtamiug 
vacua  as  high  as  a  three-huadred-milliouth  of  uxx  Atmos. 
phere. 


'APILLABITY. 


200.  ColieHJoii  III  Oeii(*n)l. — Molecular  attraction,  u^ 
w«  have  seen  (145),  is  ualied  cohesion;  and  in  uoHdtf  its 
inpiit$ure  is  teuacity.  Tito  peculiarity  of  the  attractioai 
uf  cohesion,  hh  compared  with  gravitation,  is  tliat  it  U 
exerted  ouly  tbrou^li  iiuineasurably  Hmall  dihtHUoeK;  so 
that  at  Hensible  distances  it  is  inappreciable.  Tait  has 
cjilculatf d  the  rehitivo  effectiveness  of  cohesion  and 
gravitation  in  ki^opiug  the  earth  together;  an<l  lie  tindu 
that  if  the  cohesion  be  that  of  sandstone,  gravitatioD  ia 
25,0(M)  times,  and  if  it  be  that  of  steel,  100  tinie.-j  u 
uffectual  for  tliis  purpose  as  cohesion.  Li  a  sjuidstooe 
sphere  of  40  kilometers  radius,  or  in  a  steel  sphere 
of  640  kilometers  radius,  gravitation  and  cohesion  are 
equally  effective  in  holding  their  parts  tog**ther,  Tb» 
range  of  action  being  so  sniall,  it  is  ui>t  easj'  to  hrinp 
molecules  w-itliin  the  sphere  of  cohesion.  Whitworth 
has  worked  steel  surfaces,  and  Bart<^>n  copper  smfiues, 
so  true  that  when  tliest^  fiurfaces  wiire  placed  i^gctber 
the  lower  mass  could  be  lifted  by  raising  the  upper  out* 
even  in  vacuo.  Graphite  is  compressed  hydraulically 
into  blocks  which  are  perfectly  coherent.  And  plantic 
bodies  such  as  wax  and  lea<l  at  ordinary,  and  iron  ni 
high  temperatures,  cau  be  made  to  cohere  very  tinuly  by 
^uite  a  moderate  amount  of  }>ressure. 

3201.  Liquid  Cohesion. —  When  a  solid  is  immorv«4 
in  a  liciuid,  it  is  wetted  or  not  wetted  by  the  liquid 
cording  to  the  relative  attraction  between  the  litjuid  and 
the  solid,  on  the  one  hand,  and  that  of  the  liqniil^r' 
tides  for  each  other,  on  the  other.  Or  if.  to  avoid  ci4%ttm 
locution,  we  call  thf  attraction  of  tlie  solid  for  tli  ■  ' 
adhetioa,  the  solid  is  wetted  if  the  adhesion  be  th«  ^'  _^ 
it  is  not  wetted  if  the  cohesi(»n'be  the  greater    If  a  pla 
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i4  gloss  he  plfttfed  ou  tlie  surfaee  of  wati?!'  jiuJ  theu  ro- 
uiov<:t(|,  tlw  kIu$8  is  wetted  aud  the  cohesion  of  the  liquid 
las  been  overcome.     If  it  be  plju-ed  on  meronvy  and  re- 
moved, it  will  unt  be  wetted  and  tli*^  ndhesiou  Jias  given 
way.     Gay  Lussuc  huup  to  one  acale-iiau  of  n  bulnnce  a 
rircular  plate  118'4  millimeters  iu  diameter,  and  brought 
it  just  to  touch  the  surface  of  the  liquid  t(i  be  tested. 
W'ei«lit8  were  theu    placed  in  tJie  other    j)iin  until   the 
pltite  was  detached  from  the  liquid.     He  found  iu  thin 
way  that  water  reijuired  59*4,  alcohol  31,  and  turpeutine 
%  gmms  lo  overcome  its  coheHion  over  this  area.     The 
>Hine  vfthies  were  obtaiueil  whether  tlie   phite  was   of 
glauK,  of  cop]M?r,  or  of  other  metals;  thus  nhowing  that 
ti»t'  eiperimeut    meaMures  cohesion  only-     If,  however, 
^le  plate  be  not  wetted  by  the  liquid,  then  the  Bepara- 
^'*»  trtken  plarp  botwreu  the  wdid  and   the  liquid  ami 


tlie 


^xpt?riment    ntl'at»ure^  the  adhesiou.      Iu  this  caHe 


tu«  luaterial  of  the  plute  endently  intlueuceK  the  reKult. 

***M>parate  a  glass  plate  of  the  above  diameter  from  the 

^^'■fjice  i>f  mercury  requires  a  weight  of  158  grams;  a 

'ueiiMQ,^  of  the  force  of  adliesiou.     While  wheu  a  ziuc 

P'4le  was  usefl  which  the  niercur}'  wetted,  nearly  5(MI 

^'^ttiR  was  required  to  effect  the  separation.     The  cohe- 

^"^n  of  mercury  is  therefore  uearly  nine  times  that  of 

*^t«^r;  and  its  adhpsion  to  glass  is  about  one  third  of  its 

'''*^"b»?stou. 

-02.  Hiirraco-tenHioii   of   Liqubln. — If   we    consider 

^1*<*   uiolocules  of  a  liquid  in  equilibrium,  it  will  appear 

'»A«ltlie  coii<litiojt8  under  wliieh  the  mfdeoular  forces  are 

h«ilwicL-d  are  different  iu  different   parts   of    the  liquid 

«**i*i.     At  any  poiut  in  the  interior  each  molecule  is  sur- 

'■>unde<l  bv  other  similar  molecules  and  the  attraction  is 

**l'*^l  in  Ail  diriM'tious.     But  at  a  point  upon  the  surface, 

^'tlifjugfj  ^jjQ  lateral  attractions  are  balanced,  there  is  no 

p^''*jK?nent  of  attraction  acting  upward  to  balance  the 

'  ***'iiward  coniponeut  due  to  the  molecules  beneath  the 

^   '■'lice.     Hence  the  free  surface  of  a  liquid  acts  like  an 

^^tsioping  tilru,  of  a  thickness  equal  to  the  radius  of  the 

****<^re  of  TDolocQJar  action,  at  every  point  of  which  a 
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force  acts  toward  the  iuterior  aud  uornial  to  the  surface. 
These  relatiou«3  are  represented  bj  Tait  in  the  equation 

E=(M-S.  2/^)f.+^.  Stpe  =  Me.+S,  ^ip(e  -  f,).  [36] 

in  whicli  E  in  tlie  total  potential  energy  aud  M  the  toUl 
tuass  of  the  liquid,  p  its  deUHiiy,  S  the  area  and  t  the 
thick tiess  of  tlie  superficial  film,  aud  e^  and  e  the  energy 
])ur  unit  mass  in  the  iuterior  and  upon  the  Hurface, 
re^^pectivel^-.  The  total  energy  of  the  liquid  is  there- 
fore increased  or  diminished  accordiuj;  as  r^  or  f  is  the 
gi'eater ;  and  hy  an  iiiiiount  proportional  to  the  surface. 
As  for  stable  equilibrium  the  potential  energy  of  ihtt 
system  tiiust  bo  a  uiinimuni,  it  is  oviihrnt  that  when  0 
IH  greater  tiiau  /„,  the  value  of  S  must  be  as  sutall  as 
jM)S8il)le  iu  order  to  increase  Me,  aud  therefore  E,  by  the 
uiiniuiuni  fitnount.  This  is  the  case  when  a  surface  of 
water  is  exposed  to  air.  If,  however,  e  be  less  thuU4?,,aA 
when  water  and  ^lass  are  in  contact,  then  S  tends  to  take 
the  larji^est  p<i8sible  value  in  order  that  E  may  still  have 
its  miuituuni  vuliu*  possible.  Evidently,  e  is  a  function 
of  both  the  media  separated  by  the  surface.  For  if  th« 
surface  separate  two  liquids  having  the  same  density  and 
cohesion,  e  will  equal  ^„ ,  and  the  totjil  energy  of  either 
liquid  will  l)e  unchanged.  Tiie  maximum  value  of  eit 
reached  when  the  space  above  the  liquid  is  a  vacnum. 
This  tendency  of  a  liquid  surface  to  take  a  niinimom 
value,  as  in  the  casn  of  water  and  mr,  can  mean  only 
that  tliis  surface  acts  like  an  elastic  membrane,  e(]uaUy 
stretched  iu  all  directions,  and  by  a  const^int  tc^usiou. 
This  is  called  the  surface-tension  of  liquids. 

Illustrations.  -This  th*H)retical  tuiiduniou  i.s  :«iimM4rtiHj  hy  no* 
meroiis  farts.  Whenever  n  liquid  is  fr«o<l  from  the  ncfion  of  anj" 
forcu  but  thut  of  its  own  oohosion,  it  a^tiumujs  th(*  spherical  fonu 
like  wutc'i*  in  the  rain-drop  nmi  the  dew-drop,  And  liko  mercur}*  in 
^lobnloA.  Now  the  sphere  has  the  iniriimiim  surface  fur  its  vohunc. 
The  phenomenon  of  the  rainbow  abundanti)'  proves  Ibe  Bpherlcityof 
the  rsiin-ilrop.  So  tlio  production  of  shot  by  nllowinjij  melu.'d  lead  tn 
ffill  through  the  tiir,  and  tliu  rounding  of  the  ed^^ea  of  M^ling-WMC 
HHfi  ulatis  when  mcUe<l  iu  a  tVivmc,  UUvsiratc  the  same  fact     £Ly 
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TiiiikinS  &  mixture  of  ulcobul  niid  wuIlT  i>f  lliu  siiiur  driihil^v  ii.<  olive- 
(At.  Plniouu  was  nbU*  t<f  obunit  i\  tna>^  of  thih  uil,  pIhcihI  wiihiii  iliti 
luixlurv,  entirely  frwnl  frnm  ihi*  jictioii  of  fjravity,  nixl  of  eoursi' 
lnTfeot!^'  splicriciil  in  fnnu.  TJic  iMiiiie  resuH  iimy  Im»  obiaiiK'ri  by 
..  iTi>;  c;irtuii)  UHulpliido  colorLMi  by  iodine,  in  ii  AoliUion  of  ziou 
-  1  |*hau«  of  the  siimt'  dHnsiiy. 

The  ieudenoy  of  litjuid  Hurfaces  t<>  tnke  a  iiiitiiuiuiu 

valne  in  aIho  well  illtistniteil  when  oil  in  {Anved  upon  t\u* 

t^a^itlco  of  water.     It  flajsbt's  out  at  ouce  into  a  tihn  mo 

thiu    at>   t<>  develop  irideeceut   coloi-s.     A  fragment  nf 

cam|]lir>i'  placed  on  water  disKolves  nli^litly  at  the  point 

i*f  coutiict  and  lessens  tlio  Hurface-tpnKion  there.     The 

}5re«U*r  teusion  laterally  t>f  the  iin*rhan<;ed  Kurfaoe-filui 

draws  the  camphor  to  r)iie  side  and  active  motions  ave 

thus  produced.     Various  esnential  oils  wlieu  4lrop|>ed  on 

water  produce  cohesion-rtj^ures  which  urd  eliaructenstic 

of  tlti*  oik  thetutfelves  and  which  have  been  suggested 

by  Tonilinson  as  a  means  for  th*^ir  identilication  and 

detection  when  mixed  tog»'ther. 

The  phenomena  of  Burface-tension  ai'e  best  seen, 
rever,  in  the  cas*'  of  films  frci^d  from  liquid  masses, 
ih  UH  those  of  8oaji-l)ul»lile8.  The  contractile  forcf*  of 
iH  tilm  often  expels  tlie  air  tlirough  tlie  buhl)le-])ipe  uitli 
sufficient  force  to  blowout  acandlo-tlame.  According  to 
Plateau,  5*()  grani-nietfr»iH  of  work  are  requin^d  to  blow  a 
Aoap-bubble  whose  surface  is  one  square  meter;  and  this 
represents  the  energy  of  a  bub}>le  of  that  size.  If  the 
mouth  o!  a  glass  ftiiinel  be  dipped  in  the  soapy  water, 
and  then  removed,  the  tiuger  l»eiug  held  over  the  narn»w 
end,  n  flat  s*>ap-tilm  will  be  formed  across  it ;  and  on 
removing  the  finger,  the  air  will  be  forced  out  by  the  cou- 
trA4aility  of  the  film  which  will  run  rapidly  up  to  the 
point  of  minimum  area.  A  tlat  tilm  may  be  taken  out 
iiD  a  wire  ring,  having  a  piece  of  thread  tied  to  the  ring 
at  two  points  three  centimeters  or  more  apart.  On 
breaking  the  tilm  witliin  this  small  loop  by  touching  it 
with  a  hot  wire,  the  contraction  of, the  rest  of  the  film 
6tT  *  *ie  thread  tense,  foririiiig  the  are  of  a  circle.     If 

fl,  foi  111  ;i  I/*fY»  susftt'iith^tl  from  (lie  wiit*,  an<\  tl.t* 
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u  per  liupur 
las  tm'o  SttT- 
liU  Uii^  true 
1ji  the  cmsK  of  pure 
-^.^^  xmrfftcie  k  81  ihiieft 
pn-  u  ■■■■<u  I.  u,  ■Dwimi,  tke  ssifAcv  of  cnntmrt  \m 
not  UgiwtJia  tWfl»  lM|»iifc  mmd  %lr,  X9  a)iot«  sapposetl, 
tbe  fcrface-ti  wrinn  kas  aAfrrent  raloe.  TbnB  Wtween 
««trr  Mid  ol>«e-«Hl  it  is  9^  «!Ttie« ;  anil  Wtireca  olive- 
oO  mjh\  mtr  3608  djB««.  TW  ienslQii  for  iur-ohlorofonn 
M  30^1  drne*  and  for  wat^r-^Morofrinii  '_>'.'  r>:t  .U  hp^  |i..r 
ocDtiiDetAr 

MoreoTcr,  tbe  ener*^; -^^  I.t,.  ~  ;  •  ^'Im  uiay  aUi* 
he  ohtnioM  «ith  the  aUvt-  simj  -,  ij  j  ;uatu,H.  If  T  l»e 
the  sarface-tensi^n  per  linear  unit,  the  total  teiisiou  idong 
will  be  T.AC.  Now  this  force  Iihh  wtretchpil  tlw 
togh  a  dtHtance  AB\  aud  h^noe  the  uork  dns^ 
.  J^.  A^^aiu.  if  we  oaII  S  the  Hurface-ouerKr 
of  ar^«.  the  t/>tAl  -^i  '  >  nf-rj»y  for  th^  euHre 
of  the  liJn)  will  be  S  x  .  But  iht*  eueigy  »if 
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ibe  filin  iH  the  work  douo  upou  it.     Therefore  we  Lave 

T .  AC  .  AB  =  S,  AC.  Ali  ;  and  of  course  T  -  <S;  ihni 

is,  tbe  uutuericftl  vuJiio  at  tho  burfuce-onergj  j>er  wuit  of 

n.reu  in  the  same  ay  the  numerioal  value  of  the  surface- 

U^umIou  per  liuear  uuit.     But  wo  have  just  neeu  that  for 

fM)ap*solutioD  and  air,  the  surface-tension  ia  27-io  d ylies 

|»er  centimeter.     Therefore  for  the  aanie  fluids  iu  rou- 

Ukct,  the  snrfaoe-euergjr'  must  he  27*45  ergs  j>er  s(|uare 

<r*!Uti meter.     For  pure  water  and  air,  the  surface-energy' 

is  81  «rg8  per  square  CPTitimeter. 

:204.  Prosxiiro  produced  l>y  the  Film. — Tlie  pressure 
produced  iu  the  interior  of  a  liosed  liim  hy  tlie  cou- 
tractUe  force  of  thia  &lni,  aa  iu  the 
(iwHt  of  a  soap-bubble  for  ex- 
ample, may  be  calculated  from 
the  Hurfaee-tenaion  and  tbe  eurva- 
tur©  of  the  film.  Suppose  a  baud 
wL<me  width  is  unity  is  stretched 
over  a  cylindrical  surface  of 
rAiliui^  r.  Let  its  length  ah  (Fig, 
73)  subUniil  ar  the  center  O  an 
au^le  0.  The  teiisiou  on  the  band 
will  produce  a  jaessure  toward  0, 

which  must  be  l>Mlaucrd  by  tlie  reaction  of  the  cyliudri. 
cal  surface.  Resolving  the  tension  T  along  OP  we  have 
27*»in  J0  for  the  component  toward  O.  Tlie  r^^action 
i«  p  .  ah,  wliere  p  is  the  pressure  ontwnnl  |wr  unit  of  sur- 
face; and,  as  nh  =  r0,  tlie  reaction  ImconiRs  p,r0, 
H^BSXQ^  27'Biu  \(p  =i  p .  r0,  au<l  when  the  angle  0  is  small, 
p:=z.T/T,  Thus  the  pressure  exerted  by  tlie  tilni  is 
•lirectiv  pr')porlionHl  bf>th  to  the  surface-teusioaajul  to 
the  cnrv«tur«-  In  the  case  of  a  spheroid  there  are  ohvi- 
otuly  two  eurvttturex  in  planes  at  right  augles  to  each 
other;  and  since  they  are  indepoudent  the  resultant 
preaaure  is  the  sum  of  the  pressures  due  to  each  ;  or  in 

W    _i-      j^  in  which  7?  and  R'  are  the  two  radii. 

\ii    ft ' 

Iu  the  ciise  of  a  soap-bubble,  R  and  R'  are  practi* 
cally  (*<iual  and  the  pressure  is  2  T/R  for  each  surfacf^ 
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or  4^T/R  for  botL.  Hence  the  pressure  witLiu  KiicLa 
bubliif*,  of  4  centimeters  nidius,  is  eqnal  to  T\  i.e.J» 
equal  to  27'4-5  dynes  per  square  centitneter  of  its  si 
face. 

*J<>5.  Aii;tli' olWiMitact  bet\v«»eii  Liquids  in  EquitftT 
riuin. — Knowing  tlie  .siirface-teusious  for  various  paii^ 
of  media  we  may  ^.pply  to  theui  the  principle  of  tiiK 
polvf^on  of  forces  in  order  to  determine 
tlieir  uintuHl  action.  Calling  T'uhtL**  sur- 
fac-e-teiision  between  the  media  /'  lUiil 
/MFifi  74),  and  T',^  and  T„^  the  t^uHioDK 
between  b  and  c  and  between  «  uiid  r, 
respectively,  and  supposing  that  tli« 
surfaces  between  «  and  b  and  betweeu 
a  and  e  meet  that  between  b  and  c  at 
the  point  0,  we  have  evidently  the  simple 
case  of  three  forces  in  equilibrium  act- 
ing upon  a  j>oint  (84;.  Hence  if  a  tri- 
angle be  constructed  (Fig.  75)  having  sides  parallel  to 
these  tensions  and  propnrtional  to  them  in  ma^uitndf, 
theeiterioianglesof  this  triangle  uill  be  equal 
to  those  formed  l»y  the  three  surfaces;  and 


hence  sin  A  :  sin  /i  :  siu  C 


1\ 


Whenever,  therefore,  three  tlaiils  are  in  con- 
tact and  at  rest,  the  surfaces  separating  tlieni 
form   angles   with   one    another  determined 
solely  by  their  relative  surface-tensions.     In 
case   no   triangle  can  be   construited  to  represent   tki 
tensions,  no  equilibrium    In  possible.      If,  for  example^' 
one  surface-tension  be  greater  than  the  sum  of  the  other 
two,  no  corresponding  triangle  can  be  drawTi  and  e<|ai-{ 
librium  is  impossible. 

ExAMi'LEs.— In  illustration  of  rhcse  nctiouK  let  the  ihrw  fluid* 
water,  oil,  aiKl  air.  The  water-uir  t(.'iisioii  ts.  i«  nbfivc,  81  Uynt«,! 
the  air-oil  teu.iion  3688  dynes,  the  water-oil  tension  is  20-50  tlynev^: 
The  sum  of  the  last  two  is  57-44  dynes;  very  cousidcriihly  Ie5»  rliAiij 
the  water-air  tension  alone.  Henco  a  drop  of  oil  on  lh««  surfticij  of j 
water  cannot  Ix*  ia  equilibrnim.  The  ftu|K!rior  tension  nf  tlie  k'hUm 
fUm  draws  it  out  iiidennii(>Iy,  iititil  it  L>ecome9  so  thin  aA  lo  losft] 
'ireiy  the  j»roi>erties  ot  a  ht\vud  u\hs.s.     Conversely,   if  -j^  drop  ul 


mc^r  De  ^ac<i1  uii  ohlorororin,  tW.  wiiterair  ^iii-racetoDMon  iK'iiig 
rrwkier  than  ttio  aiira  of  thouhldroform-air  and  the  cliloroforrn-waier 
m^iuiiA  (i.e.,  81>|29  o.'J  +  HO  01)).  the  wiiler  gathers  itiit'If  at  tincf 
iiu»  a  drop.  When  wjiter.  air,  hiuI  clean  j<hiss  ar«  phicvil  in  ooutaci, 
hi)  surfuuotetiMoti  Iwlweoii  air  anU  ^rl.'i&r  being  f;rt'uter  than  thi* 
turn  of  Hk"  ft'rtter-g!a«3  and  the  watriwiir  tensions,  e<inili»>rium  is  n(»i 
ible  and  (hi?  water  &preiids  itself  out  iiirletinitely  over  the  glii^, 
hile  tbo  air  gftlhei-s  ilAelf  into  «  globule  ;  as  is  Ijest  sem  wiili  ;i 
bubble  of  air  under  water 

2<H(.  I'lipillary  PlieiumMMia, — If  u  glass  tube  <if  very 
,$»niAll  bt»re  lie  |jliioo(l  iu  water,  after  having  l»een  previ- 
joaaly  wetted,  the  water  will  rine  in  the  tuhe  against 
•avity.  If  a  siniihir  tub*3  be  platted  in  mercury,  tho 
;<>liituii  within  the  tube  will  \m  depressed  below  the 
tiurface  of  tlie  mercury  outside.  Pheuomena  of  this 
Iciud  aro  called  capillary  phenomena,  siiiee  they  take  place 
iu  taW.s  whose  opening  is  so  small  that  it  may  be  likeued 
to  a  hair. 

We  luive  now  to  connect  the  phenomena  of  surface- 
tenMon  with  those  of  capillarity.  Ou  examining  the  sur- 
face of  the  liquid  iii  the  capillary  tube,  it  will  be  found 
to  iMi  curved,  the  concavity  being  upwanl  when  tliere  is 
elevation  and  the  convexity  upward  when  there  is  depres. 
tuoii.  Now  we  have  seen  that,  owing  to  the  surface-tensiou 
of  liquids,  tlie  tendency  of  the  superficrial  Him  t<i  a  mini- 
mam  produces  a  resuU^int  pressure  iu  the  direction  of  the 
concavity  {  upward,  therefore,  iu  the  case  of  water  and 
air,  downward  in  the  case  of  air  and  mercury.  The  water 
H'ill  rise,  therefore,  aud  the  mercury  will  fall  until  these 
tfurfaoe  forces  are  balanced  by  the  weight  of  the  liquid  ; 
within  th«  tube  iu  the  former  <*a3e  an«l  without  it  in  the 
latter.     Further,  if  the  tension  at  the  surface  4T, 

««epan\tiug   the   two  fluids  be  greater  thau 
th*     '    "'       "Ce  of  the  tensious  between  each 

<if  i I  the  solid,  the  surface  of  sopa- ^ 

ration  of  the  two  fluids  will  be  iucliued  to 
til'         '  ''        tUd  at  a  defluite  coutact- 

au^  tufty  he  readily  calcula- 

ted, knowing  the  Hurfaoe-tauaious  involved. 
Su|q«r>AUiK  the  diffiT/'jKV  T^  —  2)^.  (Fig.  7(^^  to  l>e  \w»i- 
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tive,  Ta„  being  the  greater,  the  resultaiit  teusiou  trill 
be  rittch  tLat  its  vertical  conipontMit  will  biilanc* 
this  difference;  iu  (»ther  words,  T^^  will  act  in  the  tbinl 
quadrant,  and  the  angle  uf  contact  will   be   acute  (Fig. 


Trt       '^-' 


77).     If  T^  be  the  greater,  the 

ditlerencQ  will  be  negative,  T,^!, 

will  act  in  the  second  quadrant, 

and  the  angle  of  contact  will  be 

obtuse  (Fig.  78>.     From    theue 

conditiou8  Ave  have  T„^,  —  Ti^  = 

T^  cos    a  ;     whence    cos    tt  =. 

(7;.-7'^)/r„..   Evidently  if  the 

difference  T^  —  T^,  be  greater 

than   T'ut,  coh  tr  will  have  a  value  greater  than  unitj; 

which  in  iiupoHsible.     Hence  the  tension  between  a  and 

b  uiuHt  be  greater  than  the  difference  of  teusioiiH  between 

n  and  v  and  between  h  and  c,  as  above  stated,  in  order 

that  there  should  be  a  deliuite  angle  of  contact. 
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Examples.  —  When  wftier  is  placed  u\m\\\  rlean  glufiv 
Tar  >  Tab  +  T'n-  .  Hence  the  angle  of  coiiruct  disappt^ars  antl  llie 
wat^T  spreads  itself  over  the  surface.  Mercury  oti  the  contrary 
fornift  a  j^Iohulo,  ihe  nnglp  of  coniaot  beiween  ilft  surfnce  anil  Ihp 
)!\ii^  b«in^  about.  130'^.  Tho  eontact-anglo  Ijotween  air,  tilcobot, 
and  steel  is  90". 

207.  .Jurin's  Law. —Suppose,  now,  a  glass  capillary 
tube  t»>  be  imnii'rsed  in  a  liquid  whose  angle  of  contart 
with  ^hiss  IB  a  (Fig.  79).  If  r  be  the 
radius  cif  the  tube,  *2;rr  will  be  the  cir- 
tinniference  ;  and  if  the  surface-teu»ioii 
1)6  T  per  unit  of  length,  the  entire  ten- 
sion aroun<l  the  tube  will  be  *tntT, 
But,  since  the  tension  acts  at  an  angle] 
n  with  the  vertical,  2nrT  co6  <m  is  th< 
eonipiment  acting  upward  t«-»  raise  th^ 
liquid.  Since  the  area  of  the  tube  ii 
Trr*  and  tlie  height  of  the  liquid  in  it 
the  volume  is  ;rrVi;  and  if  6  be  the  density,  nr^hd  is  tlit 
wf^lght  o!  tlie  column  of  Ut\u\d  \u  tW  tube,    Siucv^  tliti 
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rnn  is  ineqailibriuui,  the  upward  and  the  downward 
must  be  equsd ;  or 

r Tcos  a  =nr*h6g  ;  whence  A  =  (27^008  a)/r6g,    [36] 

water  be  the  liquid  nsed,  nr  =  0^  and  tf  =  1  ;   whence 
^T/rg.     Hence  the  height  of  the  column  is  inversely 


Fio.  m. 

as  Uie  radius,  and  consequently  the  capillary  elevation 
and  depression  is  the  greater  the  sniullpi*  the  bore  of  the 
tube  (Fi^.  80).  Thin  ia  known  jis  Jurin's  law.  If  <*  >  90**, 
eoH  a  is  negative  and  there  is  depressioTi. 

If  a  column  of  liquid  be  sustained  l>etween  two  flat 
snrfaoes  of  a  solid,  as  watf^r  between  two  f^ljuss  jilates, 
we  hare  the  column  au))ported  ou  only  two  sides,  the 
moniscnH  being  cylindricid.  Hence  if  d  be  the  distance 
between  the  plates,  the  vertical  component  of  the  tension 
on  both  sides  per  unit  of  length  will  be  'iTcosor  antl 
the  balancing  weight  iti  dynes  will  be  hd6tj\  whence 
*  =  (27'co8  a)/(Mr7;  an  expression  differing  from  that 
for  a  tube  only  in  having  d  in  place  of  r.  Hence  a 
liquid  will  ris^^  between  phites  to  the  same  heiglit  as 
in  a  tube  whose  radius  is  the  distance  between  the 
platOA.  The  walls  of  the  plates  must  be  separat<»d 
ihen  by  uidy  half  the  distance  that  separates  the  walls 
of  the  tnbe  in  order  to  have  the  elevation  the  same 
for  both.  Putting  the  above  equation  in  tlie  form  hd  — 
(27^  cos  <T)/rfljf  we  have  the  variables  in  the  tirst  Uiembej 
and  Ihe  ctmsiAntA  in  the  second ;  T,  a,  S,  and  g  all  \>eiuvi. 
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the  same  iu  experimeuts  with  the  same  three  tu*^ 
Bnt  wheu  the  product  of  two  qaantitieH  is  cuustaut  tbe 
quantities  var^'  inversely  as  each  other.  Hence  tL« 
i't^uatiou  hd  =  c-uustaut,  reprenenta  a  rectangular  \\s\m- 
bola,  referred  to  itH  HMymptotes  as  axes  ;  aa  may  Iff 
readily  seen  b}'  plotting  the  equation. 

Experiment.  — Tltii*  n-sult  is  eoHily  sluiwri  by  experimeiii.    Iflwo 
wetted  glass  plates,  oiosor  iog*^ther  onoueed^  than  ou  theollwr.bi' 

ptac«U  ill  wattT  with  thfir  bi«J«iBfcr- 
ticiii,    the   wuU*r  will   riae  Mv«M 
rhcm  tu  heights  which  are  iitTcndjr 
Hfi  the  difttaoces  of  separation  ;  xikI 
ftiDoc  these  distaDceii  vary  uniformly 
froui   one  edge  to   the   otbt!r.  Uic? 
heights  vary  in  the  iuversv  nitifl  of 
thcst*  diHtanocts  and  the  liquid  m- 
faco  between   tin-   plates  t«kt*  lli*' 
form  of   the   rectangiil.ir  l»yp«^rl*ol«» 

^^^^:^^^  ^  ._:j ^,=r'J.     (P'*P-  ^1),  \vith  the  reotaogular  edjo» 

=-=^r^?^:^?^=^^=^=^^="^^-=^s    of  the  plates  aa  axes. 

^'^'  Obviously,   the    height  U> 

which  a  liquid  will  rise  iu  a  capillary  tube  may  be  calca.— 

lated  if  T,  a,  aud  t  be  kuowu.     In  the  case  of  wate 

7*=  81  tlyuwK  aud  a  =  0°.     If  the  tube  be  oue  millimete 

2  X  81 
iu  diameter,  h  ~- — —tz^.  =  3'32   centimeters.     Exjwrt- 

^    X   uOX) 

mentally  thiK  h(>i<^ht  may  be  measured  Vty  the  katbeto 
eter  method  of  Gay  Lussac,  and  the  radius  calcului 
from  the  length  and  maan  of  a  mercury  columu  in  thi 
tube.     This  height  varies  with  th*^  temperature,  dimin-- 
ishiug  us  the  tem]>erature  increasea. 

The  law  of  Jurin  ia  fouud  to  hold  with  great  exact 
ness  if  tln!  tubi;  be  wetted  by  tlio  liquid  ;  and  then  thi 
height  Ih  iudepoudeut  of  the  material  of  the  tube,  auc 
also  of  its  thickness.  But  if  the  tube  is  not  so  wettecL 
the  law  is  found  to  hf>]d  oidy  approximately,  due  app* 
rently  to  the  varying  conditions  between  the  air  i-mi 
densed  on  the  surface  of  the  solid  aud  the  litjuitl 

20H.  Value  of  the  Superficial  TeiiHloii  tyoiti  Capil^ 
fO---Nlii(^e  iu  many  (.'asv^H  \V.  '\h  wvi\,  Y*^*ivble  to  meai» 
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iperficial  teuHiou  ilirectly,  it  muy  be  calcnlated 
ormula  T  =  {hrSg)/2  cos  rr,  provided  that  r,  h, 
kuowD.  The  f(dh)wiug  iiilde  gives  the  resultH 
j*«  measureuienbi  nt  the  temperature  of  20''  C, 
in  (lyues  per  linear  eeutiiiieter  : 


SUPKUFICIAL  TKNblON  OF  LIQUIDS. 

Teusioii  of  Kiirfnt'e  svpiirnliuj,' 

Dvnsiiy.  ibe  lititiiti  from— 

Air.  Wnlcr.        Mercury. 

0-9982          81  0             418 

135432        540  418                 0 

12fi87           32-1  41-75         :^72-5 

1-4878          30-6  29-5          399 

0-7906  25-5  399 

0'0i3r, 

07977 
MOOO 

11248 


2n-5(; 

27-8 


orie  aci<l 
>f  Kodiuni 
)hate.... 


77%5 


442-5 


^uiM^rHfial  Vlsconity. — BosideH  the  Kurface-t<*ii- 
jtiidH,  thi>re  ik  another  property  possessed  by 
aces,  called  superficial  viscosity,  which  is  inde- 
f  the  tension.     This  is  very  markedly  shown  by 

p  of  sa]Kiniu,  on  which  if  a  magnetic  needle  be 

1  it  will  remain  iu  any  position,  instead  of  turn- 

uud  soutli.     Owing  to  the  much  greiiter  vis- 

tlie  Kuperticial  tibn  of  licpiids  over  that  of  the 

his  film  is  hard  to  break.     Soa]>-Holuti(»n  hia*- 

lee-viscosity  and  low  surface-tension  and  henc*? 

>b>vij  into  bubbles.     The  filiating  of  an  oiled 

water  or  the  walking  of  water-insects  thereon 

tlw  snrface-Hscosity  of  the  water,  its  tension 

p>n  redui^ed.  To  a  like  increase  of  superficial 
ind  decrease  of  snrface-tensiou  is  due  the  still- 
of  oil  upou  a  rough  sea. 


AFTER    VI.  .      ^ 

ENEBGY  OF  MASS -VIBRATION.— SOU>D. 


Section  1. — NATtiiE  of  Sol*nd. 

!210.  neniiKioii   oi'  HoiiiiU.-  Stmnd  tuny  be  <i   i     ' 
vitlier  sultjectively  or  objectively  ;  either  as  a  8* 
or  as  the  external  cauHe  of  a  seusatiou.     In  the  phvifio' 
logical  seuse,  sound  is  an  effect  peiveivetl  norinallvHy 
the  ear.     In  the  ])iiy8icivl  senne,  souuil  is  tlie  autcc^d^Q^ 
cause  of  tliis  effect.     Since  it  wouhl  neem  more  philo- 
Mophicnl  to  define  a  thiijg   by  wliat  it  is  thnu  hy  u^y 
effect    it    may   prwduce,  we    hIiiiII    define    sound   in  tl**^* 
physical  sense,  as  beiuj^  that  special  condition  of  matt'  i 
in  virtue  uf  which  incidentally  it  may  affect  the  i>rgiiti  *  *  '^ 
hearint;. 

^ll.SoMiul   a   31a.s8-vn>niti<>u. — Whenever   we 
amint>  a  bi>dy  which  is  prixluciuf^  sound,  we  lind  that  i'>  - 
in  a  state  r)f  vibratoi-y  motion.     This  motion  it  rM^lilj^ 
transfers  to  the  siirrtrunding  lUHdiuUif  ho  that  ^i' 
uiotion  in  this  medium  is  the  condition  of  souiiii-f-.-,..  ^ 
gation.     Moreover,  sound  can  be  received  only  by  bodj^^^ 
capubh*  of  vibration;  so  tliiit  a  body  receives  sound  iml^^ 
by  taking  up  vibrations  from  the  source  of  sound,  eitli'*  *" 
directly  or  through  a  medium. 

EXAMPLFA— If  a  in*noil  txs  UM  lightly  aiciiinst  the  edgt»  of   x« 
soiinflinp  ItoH,  the  rnttUni?  nniso  pnxluomi  sliovvg  that  tho  Ml  ij=  \'^' 
brnlin^.     If  a  soiindinij:  (uuiu>ir-fork  U*  niwle  to  UnwU  m  muuU  u   '  "^ 
)mOI  8iLs]K'ndc(l  by  a  Ihrend,  Iho  ImiU  will  be  projectvtl  striii' 
th«'  fork.     A  |»api<r  mumbnuie  pliR'eil  in  the  vicinity  of  a 
ttrxiy  will  tjikr  up  rhr  nir-vibrntii>n«;  ns  niny  \w.  sliown  by  - 
.7  fifth'  \i]itck  sand  U|>(Hi  its  suftaev.    \\\AceA."u\\\w  wcwi  <i< 
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tio*«  (»f  a  Ijifgi;  orgnn.  tlio  vibration  may  bo  directly  felt  in  the 

■ou^'iimts  yivi'u  to  tho  I'ntirf'  building.     In  Edison's  pho- 
i  '  .(  wIk'**!  is  mniit.*  to  ruvolve  by  mt*aiis  of  sound-vibratioiiM. 

^k  311*.  ciiaracter  of  Souii<l-vU>ratioii. — In  order  that 
^HfthiHJv  mnv  produce  or  tratmruit  nnund  it  rnuHt  Ite  elafi- 
^Ht  Heuop  ull  souud-vilu'HtiouB  are  the  vibrations  of 
^^Hutic  media.  For  theHe  media  Hookers  law  IioKIh  ;  and 
™tt  force  of  r£>fltitutiou  is  proportiouxil  to  tlie  dinjilace- 
iiiwit.  W**  have  »eeu  (55)  that  whenever  a  \nn\y  vibrates 
dihIw  the  intiuence  of  a  force  which  is  ]iroportioual  to 
tijR  liispliicement,  it8  \nbratirtU8  are  exeeutf>d  iu  equal 
tiiuf-s  whatever  the  amplitude ;  i.e.,  are  isochrououH. 
Sudi  vibratious  are  called  simple  harmouio  vtbrationn. 

For  the   propagation  of  sound   tin?  elastiu   uiodium 

Uoct^tJHHry  in  generally  air.     But  air  Ik  a  Huid,  and  has 

therefore  only  volnme-elaaticity.     The  only  wnven  which 

it  caii  propagate  eonscqueutly  are   waves    of   compreK- 

*H>u  a»»l  raref»ictiou.     Moreover,  siuco,  air  is  an  elastic 

''**'''iuin.  tlio  vibrations  of  it«  particles  are  simple  har- 

"""ttic,    Hence,  phyHically,  s<nuiil   may  lie   completely 

''*aDf»(l   ii.s    the    siFiiplo    liarm»iiiic    vibration    of   ebistic 

'''^HJi*^,     \  f)()und-wnv&  is  therefore  a  snccesHinn  of  the 

^rti^.Jij^  of  such  a  medium,  vibrating  harmonically  par- 

'*^I   til  ihn  iiuit  (»f  propagation  of  the  sound,  but  in  ]>ro- 

f  Jy  dilFerent  positions  with  respect  to  their  pointa 

k.       •  >^ .   tlie«e  positions  repeating  themselves  periodi- 

^  for  every  complete  vibration. 

^JtAnrUM. — If  n  tuning-fork  be  atron($ly  vibniteil,  iho  note  emit- 
^  i>  \i  rvtnainA  tbe  iwimo  aa  long  ««  tliis  note  is  audible  ;  piiiviiiff 
"MfnTJliiin.-*  ill  bi«  iKfxdironous.     Th(>  vibrations  of  air  mid  wukT 

^^ains  harmonic;  vla  is  aeon  wbcn  nn  orgAn-pipe  is 

■^11  in  .'  >■  r  water. 

213.  IMffrronoesiti  Hounds. — Sounds  differ  from  one 
^«ther  in  three  essential  particulars;  namely,  in  lond- 
^afl,  in  vibration-frequency,  and  iu  quality.  Tiie  loud- 
%S8  of  a  snnnd  depends  ^pou  tlte  amplitude  of  the 
tt ;  i.e.,  upon  the  amount  of  the  dispbicemcnt  of 
:  atin*^  body  from  its  po.sitiou  of  equilibrium.  It 
portional  to  the  aquare  of  the  amplitude.    Tlie 
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Tibratiou-freqiienoy  of  a-Bouud  depends  upou  the  uam- 
ber  of  vibratious  wliioh  the  vibrutiiif;  body  luukcs  \wx 
Hecond.  Wlieii  this  uuinber  is  rohitively  (^reut,  tliu 
vibratioji-frequeucy  is  said  to  be  liigh  ;  when  sniull,  it  is 
srtid  to  be  low.  The  quulitv  of  a  sound  depends  u|Km 
its  tronipiexity.  All  hftinuniio  viliratioua  whicli  tn; 
ubHolutely  simple  have  the  Harae  quality.  In  pro(>or- 
tiou  as  tli«  sound  bi^'onifs  more  coinjdox,  the  wave- 
form  changes  and  the  4[nality  changes  with  it. 

214-  C'liaractvrisf  lr«  orSoiind-M'avoM. — Sonnd-waves, 
as  we  liave  siiul,  jive  waves  of  condeiiHafion  and  rnrMiu*' 
tion.  If  we  suppose  au  elastic  fluid  to  be  Huddenlj 
compressed,  the  compression  will  evidently  be  relieved 
by  the  motion  of  the  compressed  particles  into  llip  rejzioiB 
beyond  ;  this  will  produce  a  coujpression  in  these  i'ej.'iott6 
which  will  relieve  itself  similarly ;  and  so  the  coiupre^ 
sion  will  be  propagated  tlirough  tlie  medium.  If  tlie 
elastic  fluid  be  rarefied,  the  rarefaction  will  ]>rnpa|^ 
itself  in  precisely  the  same  way,  the  particles  mnving 
now  in  the  opjiosite  direction  to  that  in  winch  the  mr*- 
fftction  itself  moves.  Sujipose  fuither,  tliat  by  vil)rntiin5 
a  tuuing-fork  both  these  elTects  are  produced  ;  the  prong 
which  vibrates  to  the  right  producing  a  compression  nn 
the  right  side  of  it  auil  a  rar*»faction  upon  the  left;  anc 
the  same  ])roug  when  it  vibrates  to  the  left,  producing  ^ 
rarefaction  on  the  right  and  a  condensation  on  the  lef 
Thi'U  it  is  clear  that  during  one  cojn|)let^  vibration  * 
this  prong,  a  comjdete  wave  of  cundeusatiou  and  rare" 
faction,  i.e.,  a  complete  sonud-wave,  will  be  produced  n 
each  side. 


ExpEuiMKNT.— Tnko  two  funnels,  one  con.HiUvnibly  lar^or 

IhoolliiT,  lio  over  lli(?ir  nioutlis  filiopls  of  itidm.ruhfK'r.  and  oonii«,i 
tliom  logotli<»r  by  means  of  a  long  rubl>or  tube.  Buppttrl  iht*  smalls; 
funnel  in  any  convwiiioiil  stitrid  jind  linng  in  front  of  it  a  small  Ivor* 
ball  80  as  just  to  touch  tlie  nil»l>er  nirmbrHnc,  Sland  at  a  distuia' 
from  Iho  ftiaaltt'r  fuiiiii;!.  and  lap  iipuu  ibo  mcmbmnc  of  the  l£il|EBl 
one;  n  corupn^sscd  air  piilrte  will  be  propagated  Ihroiigb  Ibo  li 
and  ibe  ball  will  Ik*  thrown  away  from  Uu>  lixed  nienibmne.  If  tb4 
birgnr  nienibranu  1>t<  pulled  outward,  a  mroHetl  wavo  will  be  similar]; 
sent  fhron-fh  thr  ^VI^M^     And  if  a  lo-and-fn*  irtovcmciil  1m'  ^v<tn 
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^gn  membrame,  a  aimilnr  to-and-fro  motion  will  be  executed  by- 
lb  amaUer  one. 

215,  I>efliiUlon  of  Ware-leiig-tli. — In  the  above  ex- 
jeriuieut  the  tirjie  required  fur  tbn  puise  to  pass  through 
he  lube  depeiids  entirely  upon  the  meiliuiu  within  the 
Ittbe  liud  not  at  all  upon  the  agency  by  which  the  ])ulse 
B  geuenit4?d.  So,  in  general,  the  speed  of  propagation 
8  a  disturbance  in  any  uiedium  is  a  function  solely  of 
|lial  medium.  Hence  the  dist;inc*e  to  which  the  disturb. 
Ince  ifl  jiropagated  iu  any  luedinm  during  the  time 
required  for  tlie  vibrating  body  to  niuke  a  complete 
ribtatiou,  since  it  is  a  function  of  the  particular  medium 
tapluveil,  mu»t  be  different  for  different  media.  This 
lifltance  is  called  a  wave-len^h.  And  a  wave-length  is 
llieTefore  defined  to  be  the  distance  over  which  Bound 
^iwwiH  in  any  uiedium,  in  the  time  required  for  the 
hmmiing  body  to  make  one  complete  vibration  (62) 
riie  length  of  a  sound-wave  is  different  therefore  not 
Mj  for  different  media,  but  also  for  different  rates  of 
^ibmtifm. 

L  ^10.  Relation  between  Speed  of  PropaK^t^c^"  »"d 
nai>.|eiiirtli. — Suppose,  further,  the  sounding  body 
tf^iiliimes  to  vibrate.  During  the  second  complete  vi- 
*''*tion,  which  is  effected  of  course  in  the  same  time 
9th  the  first,  the  distance  passed  over  is  the  same ;  so 
f*^  at  the  end  <jf  the  second  vibration  the  disturbance 
*  extended  twice  as  far;  and  so  on.  It  is  clear  that 
Uie  end  of  1000  vibrations  the  disturbance  will  have 
ponded  a  thousand  times  as  far;  and  if,  therefore, 
^Hi^  l(lfH)  vibrations  have  been  made  in  one  second,  it 
Evident  that  iu  that  second  the  disturbance  has  ex- 
^<led  orer  KXM)  wave-lengths.  But  the  distance  over 
ftch  sound  has  passed  in  one  second  is  the  speed  of 
^nd ;  atid,  as  we  shall  see  presently,  is  constant  for 
1^  same  medium  at  the  same  temperature.  In  the  case 
t>po«ed  the  speed  of  the  sound  is  equal  to  1000  wave- 
igUiu ;  and  in  any  case  the  speed  of  sound  is  the  prod- 
I  of  tho  uuml>er  of  vibrations  per  second  by  the  wave- 
L©.,  *  =  nk,  if  we  represent  by  8  the  speed  o! 
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souud,  by  n  the  namber  of  vibratiouK,  aud  bj  A  the 
length  of  tlie  wave.  Thus  we  get  the  speed  br  multi- 
plying together  the  vibratiou-frequeucy  uud  the  waw- 
length.  We  got  the  vibratiou-frequenoy  by  diviiUng  th» 
speed  by  the  wave-length.  Aud  we  get  the  wave-leD^t 
by  dividing  the  speed  by  the  vibration-frequency.  Know. 
iug  any  two  of  these  values  we  can  obtain  the  third. 

It  shouUl  be  kept  iu  mind,  however,  that  there  isoo 
necessary  relation  between  the  amplitude  of  vibration  of 
the  sounding  body  aud  the  wave-length  of  the  somul 
which  it  emits.  The  ouly  effect  whicli  amplitude  pnv 
duces  is  upon  the  loudness  of  the  souud. 

217.  Simple  iiiHl  CoiiiikmiikI  Waves. — It  is  uot  e^Sj 
to  represent  grai)hicall3*  an  actual  wave  of  condensation 
aud  rarefaction.  A  row  of  equidistant  dots  may  stand 
for  the  particles  in  equilibrium  and  a  row  of  dots  «u^ 
oesaively  displaced  according  to  the  harmonic  law  maj 
represent  one  instantaueous  position  of  these  particles 
when  trausmitting  a  souud-wave  (Fig.  82). 


Fio.  88. 

It  will  of  course  be  understood  that  the  particles 
vibrate  along  the  line  iu  which  the  sound  is  propagated; 
and  that  a  wave-length  is  the  distance  from  one  particU 
to  the  next  particle  iu  the  same  phase ;  i.e.,  in  the  same 
relative  position  aud  moving  in  the  same  direction. 

Evidently,  however,  the  displacement  of  »  w»t*- 
particle  from  its  zero  position  may  also  be  represculwl 
by  an  ordinate  drawn  perpendicularly  to  the  liurt  a( 
propagation,  which  uow  answers  to  the  axis  of  absoisstuL 
Au  entire  wave  constructed  in  this  way  corresponds  to 
the  harmonic  curve  already  described.  This  oou8tra^ 
iiou  greatly  facilitates  discussion,  and  is  uot  liahle  to 
mislead  if  the  principle  on  which  it  is  based  be  care- 
fully kept  in  mind. 

A  single  souud-wave,  then,  may  be  said  to  have  the 
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form  of  a  simple  harmonic  curre  (56).  A  onnip]es  sound- 
wuve  may  have  the  form  of  a  compound  harmoaic  curve, 
obtained  from  its  simple  harmonic  constitueutH  hy  the 
metb<xi  ulreiuiy  described  for  compouudiug  such  curves 
(<il).  The  form  of  the  resultant  wave  will  depend  not 
only  upon  the  relative  lengtlis  and  amplitudes  of  the 
componeut  waves,  but  also  on  the  i^articular  phase  in 
which  ihej  are  when  united. 

KxAKPLGS.— It  is  (fvident  that  a  sound  will  be  the  louder  the 
l^reaier  tbo  amoiim  of  onergy  expended  in  producing  it;  ns  when  we 
ithoul  or  wliiB]>er.  But  ibi»  iiicreJised  energy  simply  inercaspH  the 
amplitndr  of  vihmtion.  Aguiti,  since  a  short  string  vibfrtlen  mora 
rapidly  Ih.in  n  long  one,  it  ^ivcs  h  lii^her  note  in  vibmlini^.  Mnre- 
over,  The  pnxinct  of  vihration-frequt  uoy  and  wuve-length  Iwinji  con- 
stnnt  for  tho  wiiue  teiupfpaluff,  thy  wave  leugtti  and  vibrnlion-fre- 
<|UtfDcy  inu«t  vnry  iuvcrscly  a»  ench  other.  Uenco  a  tiigli  tiute  niuBl 
have  a  shorter  wave  than  a  low  note.  The  avf!<riige  wave-length  of 
the  ttoun<l»  used  in  ordinary  conversation  ia,  for  a  nmn's  voice,  from 
two  nnd  u  half  lo  Ibree  meters,  and  for  n  woman'b  voiee,  from  dO 
to  120  (y^ntimrtors.  Difference  in  quality  is  olancrved  whenever  a 
note  of  the  shuih  vibrjilio»-fi*equeney  is  soundnd  on  two  different 
iiutruwentA;  ra.  for  example,  on  the  flute  and  on  the  basAoon.  The 
tuning-fork  givua  the  simplostt  a  vibrating  reed  the  moot  complex, 
▼Ibrmiioiifl.  The  precise  character  of  these  complex  waves  will  be 
diftcufWMl  laler. 

2  IH,  Diroct  Moa.^ur<«nient  ol' Vibrntioii-fVf^Qiiency.— 

The  ribmti(jnK  of  audible  sounds  are  too  rapid  to  be 
counted;  at  least  in  the  way  we  count  the  oscillations 
oC  A  pendulum.  Thej  may  be  ascertained,  however,  by 
produciug  a  second  note  of  the  same  vibration-fre- 
quency, by  means  of  some  device  so  constructed  that 
its  vibrations  can  be  determined.  One  of  the  earliest 
of  these  devices  is  Savart's  toothed  wheel.  This  is 
fum]dy  B  toothed  disk  which  is  caused  to  revolve 
mpidly  by  means  of  a  multiplying  wheel,  a  card 
Leing  held  just  in  contact  with  its  edge.  The  speed 
of  rotation  is  increased  until  the  note  emitted  by  the 
disk  14  the  same  as  that  to  be  measured  ;  and  this  speed 
ia  maintained  for  one  minute.  Then,  multiplying  the 
numb^  of  rotations  made  by  the  large  wheel  per 
laiaate  by  the  ratio  of  the  radii  of  the  wheel  and  the 
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disk,  aud  this  by  the  number  of  teeth  on  the  disk,  ve 
have  the  number  of  taps  per  minute  received  by  tlifl 
card.  This  number  di^'ided  by  60  gives  the  vibration- 
frequenc}'.  If  the  large  wheel  turns  100  times  in  a 
minute,  and  its  radius  is  5  times  that  of  the  disk,  the 
disk  will  turn  500  times  in  a  minute  ;  and  if  there  are  30 
teeth  upon  the  disk,  it  >vill  tap  the  card  15000  times  hi 
one  minute  or  250  times  iu  one  second. 

Seebeck  modiiied  this  apparatus  by  using  iu  place  of 
the  toothed  wheel  a  disk  perforated  with  holes  near  ife 
edge,  and  directing  u  jet  of  air  against  this  part  of  the 
disk.     A  series  of  air-puffs  was  thus  produced,  which,  aa 
the  speed  of  rotation  was  increased,  coalesced  to  form  a 
continuous  note,  of  any  vibration-frequency  required.    Li 
1819,  Caguiard  de  la  Tour  improved  the  instrument  by 
boring  the  holes  obliquely  through  the  revolving  disk 
and  directing  the  air  perpendicularly  against  the  sides 
of  the  openings ;  thus  driving  the  disk  by  means  of  the 
issuing  air.     At  the  same  time  he  placed  this  disk  close 
to  a  metallic  plate,  through  which  an  equal  number  of 
holes  were  bored  obliquely,  but  inclined  in  the  opposite 
direction  to  those  in  the  disk.     Whenever  the  holes  in 
the  disk  came  opposite  those  in  the  plate,  air  passed 
simultaneously  through  them  all  \  thus  increasing  pro- 
portionately the  loudness  of  the  sound.     On  the  axis  of 
the  revolving  disk  is  a  counter  to  indicate  the  number  of 
revolutions.     This  apparatus  is  culled  a  airea.     To  use  it, 
it  is  supplied  with  air  from  a  bellows,  the  pressure  being 
increased  until  as  before  the  note  which  it  emits  is  the 
same  as  that  which  is  to  be  determined.     This  speed  ia 
continued  for  a  minute,  and  the  number  of  rotations  is 
noted.     This  value  divided  by  sixty  gives  the  rotations 
per  second  ;  and  this  multiplied  by  the  number  of  holes 
in  the  disk  gives  the  vibration-frequency. 

210.  I>irect  Alensiireineiit  of  Wavc-lcngi;li. — The 
wave-length  of  a  musical  note  may  also  be  directly 
measured  by  the  use  of  an  ingenious  method  due  to 
Kundt.  To  a  glass  tube  about  two  centimeters  in 
diameter  and  twenty  long  a  piston  is  fitted  so  as  to 
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move  easily  backward  and  for^-ard.  In  the  tube  is 
placed  a  Ugbt  powder  such  as  lycopodium  or,  better, 
precipitated  silica.  The  note  whose  wave-length  we  de- 
sire, suppoae,  for  example,  that  of  a  whistle,  18  sounded 
near  the  open  end  of  the  tube  and  the  position  of  the 
piston  gradtially  varied.  When  the  piston  reaches  a 
certain  point  the  li^ht  powder  will  be  disturbed  and  will 
vibrate  in  segments,  between  which  it  will  remain  quies- 
ceut.  After  adjusting  to  get  the  best  effect,  measure  the 
distance  either  from  the  middle  of  one  segment  to  the 
middle  of  the  uext^  or  between  the  middle  points  of  the 
interspaces.  Twice  this  distance  is  the  wavH-length,  in 
air  and  at  the  temperature  of  the  ex])erimeut,  of  the 
note  which  is  emitted  by  the  whistle. 


SEtrnOM  n, — SOUND-PROPAOATIOK. 


I  220.  Theoretical  Speed  of  Sound. — The  theory  of 
I  the  propagation  of  disturbances  in  elastic  media  was 
^^■icuBsed  in  an  earlier  chapter  (15*5).  lu  simple  har- 
^^B>uic  motion,  the  speed  with  which  a  particle  vibrates 
in  an  eUstic  medium,  and  therefore  the  speed  of  propa- 
giktion  in  such  a  mcdiura,  was  found  to  he  directly 
proportional  to  the  square  root  of  the  elasticity  of  the 
medium  and  inversely  proportional  to  the  sqnare  root 
#if  ita  density.  This  forrauL^i,  s  =  VE/6,  we  owe  to 
Newton,  who  calculated  by  moans  of  it  the  speed  of 
«ound  in  air.  Since  the  elasticity  of  a  gas  is  measured 
by    '         ussuro   upon   it  (1^4),  we  have  «  =  \'P/S  = 

11'  ,  .-7o0  =  2H()00  centimeters  per  second,  as  the 
Hpeedof  sound  in  air  under  the  pressure  of  a  megadyne. 
Bnt  this  is  only  about  five  sixths  of  its  true  value. 
Newton  account4^d  for  the  discrt*pancy  by  the  romark- 
Jiblo  liypothesis  that  sound  required  no  time  to  pass 
through  the  particles  themselves,  the  whole  time  ob- 
servtni  being  that  occupied  in  mo\ing  tl»rough  the  spaces 
between  the  particles.  Assuming,  further,  that  only 
one  wxtli  t>f  the  space  through  wliich  the  sound  moves 
cousistM  of  the  Air-fmrticlefi  iheaiselveH,  he  was  in  Urn 
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way  able  to  explain  the  value  which  he  had  calculate. 
Laplace  showed  snbsequentlj,  however,  that  it  wad  to 
the  increased  elasticity  of  th«  air  due  to  the  heat  devel- 
oped by  itH  sudden  compression,  and  to  the  correspoml- 
ing  cold  producetl  by  its  rarefaction,  taken  together,  tlmi 
the  increased  speed  of  propagation  over  that  obtained 
by  Newton's  formula  was  due.  By  multipl^'^ing  the 
expression  VP/6  by  V'1'41,  the  square  root  of  the  ratioof 
the  specific  heat  at  constant  pressure  to  the  specific  Leak 
at  constant  volume,  we  have  Vl-41XlOV •0012759=332-43 
^fittBneters  per  second,  the  true  speed-value. 

Since  F/6  is  equal  to  gh  (176),  we  may  write  tlie 
equation  for  speed  of  sound  a  =  V;;A.  But  the  speed 
acquired  by  a  body  in  falling  freely  through  a  height  k 
is  \'^2gL  Hence  the  speed  of  sound  in  air  is  propor- 
tional to  the  sjjeed  which  would  be  acquired  by  & 
body  in  falling  in  vacuo  through  half  the  height  of  the 
homogeneous  atmosphere.  This  in  fact  is  the  mode  of 
stating  the  speed  of  sound  used  by  Newton. 

221.  ExperinientHl  Speed  of  Sound  in  Air.^Ex* 
perimentally  the  speed  of  souud  in  air  has  been  directly 
determined  many  times.  The  most  noted  of  the  earlier 
experiments  are  those  of  the  French  Academy  in  1738, 
of  the  Bureau  des  Longitudes  in  1822,  and  of  the  DuUih 
physicists  Moll  and  Van  Beek  in  1823.  In  the  last  case 
two  hills  were  selected  near  Amsterdam,  17*7  kilometeri 
apart,  and  cannons  were  fired  at  stated  intervals,  siraul- 
taueously  at  the  two  stations,  the  period  intervening  be- 
tween the  time  of  seeing  the  dash  and  that  of  hearing 
the  sound  being  noted  on  the  chronometers  at  these  stu* 
tions.  Properly  reduced,  their  results  give  a  speed  of 
33225  centimeters  per  second.  In  more  recent  times, 
the  experiments  of  Regnault  in  1865,  made  in  the  water- 
pipes  of  Paris,  and  those  of  Stone,  made  at  the  Cape  of 
Good  Hope  in  1871,  in  both  of  which  electrical  record- 
ing apparatus  was  used,  are  among  the  bast.  Accordinff 
to  Regnault*s  results  the  speed  is  33104  centimeters;  ac- 
cording to  Stone's,  332'10  centimeters;  the  Rj)eed  in  air 
Id  tubes  appearing  to  W  &omevJVvA^\ow^^i^cv•^oo.\w  ^x^^  «.ir. 


&y&ROr  OF  MASS' VIBRATION.— 80 CND. 


221 


The    Bpeed  of  8ouu(l   ia   unaffected  by  auy  agency 
which  cansea  the  elaaticity  and  density  of  the  medium  to 
vary  together  in  the  same  direction.     Hence  the  speed  of 
sound  is  independent  of  the  barometric  height     Stam- 
pfer  in  1822  found  the  speed  of  sound  at  a  height  of  1301 
meters  to  be  33244  centimeters  ;   and    Bravais  in  1844 
found    it  to  be  33237  centimeters  at  a  height  of  2116 
meters.     Temperature,  however,  affects   the  density  of 
the  air  only  ;  so  that  the  speed  of  sound  is  different  in 
air  at  different  temperatures,  even  under  tlie  same  baro- 
metric pressure.     Thus  the  speed  observed  by  Parry  at 
Melville  Island,  in  the  polar  regions,  at  a  temperature  of 
—  3H  5°,  was  only  30900  centimeters  per  second.     The 
sound-speeds  above  given  have  all  been  reduced  to  0^  by 
meana  of  the  formula 


St  =  S\  VI  +  -003666^ 


[87] 


in  which  Sf  and  S^  represent  the  speeds  at  the  tempera- 
tures i°  and  0°  respectively.  The  increase  corresponds 
to  ftbout  60  centimeters  for  each  degree  centigrade. 
Moreover,  theory  indicates  a  higher  speed  for  loud 
Hounds  than  for  low  ones.  This  Jacques  has  confirmed 
by  exjMjrimeuts  made  at  the  AV'atertnwn  Arsenal.  And 
Parry  asserts  that  duriug  artillery  practice  in  the  arctic 
regions  the  report  of  the  gun  was  often  heard  by  a 
diHifkut  observer  before  the  conimuuil  of  the  ofHcer  to 
fire.  The  moistaro  of  the  air  also  affects  the  s[>eed,  for 
the  reason  that  moist  air  is  less  dense  than  dry  air. 
Finally,  the  speetl  of  souad  in  free  air  is  affected  by  the 
motion  of  the  air,  being  always  increased  in  the  direc- 
tion of  the  wind. 

ArrucATiON**.— The  »peed  of  sonnd  may  often  bo  made  aae  of 
tn  oalcuUting  iliatnQoi'it.  Supposo  that  a  clnp  of  tliunder  id  lienrd 
flix  neconds  nfter  Mein^  u  flnstiof  lightning.  Then  it  is  evident  that 
the  (LuJi  began  ar  a  diflUnce  of  (t  x  tiH^  =  1002  meters  or  nrarly  two 
Idlorottcre  from  ihe  otjserver.  Again,  let  a  stone  bo  dropped  into  a 
woll  aud  ibe  time  notcil  until  it  is  heard  to  strike  the  wiiter.  Tliia 
*  up  of  Iwu  parts:  one  that  U'^uired  for  the  throne  to  fnll, 
r  that  nn/uirecJ  for  the  snutii]  ro  return,     tf  the  depth 
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of  the  woU  be  ae  centimeters,  then  the  former  is  obtained  fromllM 
equation  t  =  Vix/ir,  nnd  the  latter  t'  =  x/s.    Whence  r=<  +('» 

222.  Speod  of  Sound  In  Liquids. — The  compreasi* 
bility  of  liquids  being  so  slight,  the  heat-chauges  during 
their  rarefHctiou  and  ooudeusution  consequent  upou  the 
trausiuissiou  of  a  sound-wave  are  inappreciable.  Tlw 
formula  of  Newton  a  =  i^'E/6  therefore  gives  resulte 
vhich  agree  closely  with  those  found  experimentallv 
For  example,  in  the  case  of  water,  we  have  seen  (193) 
that  at  0°  it  is  compressed  <>00049ti  of  its  volume  for  a 
pressure  of  one  megadjue  per  square  centimeter.  The 
elasticity,  l>eing  the  ratio  of  tlie  pressure  to  the  com- 
pression, is  therefore  107-0000496  =  2*026  x  10*'  =  jt ;  and 
the  sound-speed,  since  the  density  of  water  is  unity,  is 

f^2'026  X  10",  or  141340  centimeters  per  second,  at  tlie 
temperature  of  0°.  An  exj>erimeutal  determination  of 
this  speed  was  made  in  1826  by  Colladon  and  Sturm  in 
the  Lake  of  Geneva.  Two  boats  were  moored  13487 
meters  apartj  one  C4irrying  a  heavy  bell  immersed  ia  the 
water,  the  other  supporting  a  ti'umpet- shaped  tube 
having  a  membrane  over  its  larger  end.  By  means  of » 
double  lever,  a  hammer  on  one  arm  was  made  to  strike 
the  bell,  while  at  the  same  instant  some  gunpowder  was 
fired  by  a  slow  match  placed  on  the  other  arm.  Tbe 
observer  in  the  second  boat,  who  was  listening  at  tho 
tube,  noted  carefully  the  interval  between  the  time  ol 
seeing  the  flash  and  the  time  of  hearing  the  sound. 
Dividing  the  distance,  13487  meters,  by  the  time  reqnirwl 
to  traverse  it,  9*25  seconds,  the  sound-speed  in  the  ^ater 
was  obtfiined.  The  speed  thus  measured  was  143"jOI' 
centimeters  at  the  temperature  of  81°;  correspondlni! 
closely  to  143870  centimeters,  the  calculated  vuhie  for 
that  temperature. 

223.  Speed  of  Sound  In  s.tUdH.— The  theoretical 
speed  of  sound  in  solids  m  bo  calculated  by  tllP 
formula  of  Newton,  if  we  u.  .  Jg's  modulus  for  the 
elasticity.     Let  it  be  required,  (or  example,  to  calculate 
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fne  speed  of  sound  in  iron.  The  value  of  this  modulus 
for  wroiight-irou,  as  given  in  the  table  ou  page  142,  in 
19-63  X  10"  djues  per  square  centimeter.  Its  density  is 
7-677.  Hence  the  speed  is  Vl9'63  X  10"/7-677  =  505600, 
or  5*056  X  10'  centimeters  per  second.  A  rough  exper- 
imental determination  of  the  speed  of  sound  in  solids 
was  made  in  Paris  by  Biot,  using  a  series  of  water-jnpes 
951*25  meters  long.  He  observed  that  on  striking  the 
iron  at  one  end  with  a  hammer,  two  distinct  sounds  were 
obser^'able  at  the  other,  about  26  seconds  apart.  One 
of  these  had  been  j)rupagated  b}'  the  air,  the  other  and 
more  rapid  one  by  the  material  of  the  pipe.  At  the 
temperature  of  the  experiment,  11^,  the  sound  would 
require  280  seconds  to  traverse  this  distance  in  air;  and 
therefore  to  traverse  the  line  of  pipes  the  souud^required 
only  about  0-26  second.  Whence  the  speed  in  the  water- 
pipes,  as  arranged,  is  3'49  x  10'  centimeters  per  second. 
As  the  material  of  the  pipes  was  not  homogeneous,  this 
result  does  not,  of  course,  represent  the  speed  of  sound 
in  ir(»u.  Accurate  experiments  by  Wertheim  give  the 
apeed  of  sound  in  iron  at  0^  at  5*016  x  10' centimeters 
per  rtecoud.  The  propagation  of  sound  in  solids  is  made 
use  of  in  thr  string  or  wire  telephone. 

224.  In«lirect  Mi'tliuds  of  inouHuriiig:  the  Speed  of 
Auund. — Several  methods  have  been  employed  for 
iDeasuring  the  relative  speed  of  sound  indirectly.  One 
of  the  simplest  is  a  modification  of  the  method  already 
described  for  measuring  wave-length,  devised  by  Kundt. 
lu  order  to  measure  the  relative  speeds  of  sound  in 
hydrogen  and  air  by  this  method  a  glass  tulin  about  1'5 
meiarfi  long  and  not  less  than  a  centimeter  in  diameter 
is  selected,  some  precipitated  silica  is  shaken  into  it,  its 
ends  are  dosed  with  corks,  it  is  grasped  at  its  middle 
point  with  the  thumb  and  forefinger  and  rubbed  Ion- 
Iptudinally  with  a  wet  cloth.  The  tube  will  emit  a  mu- 
ni note,  and  the  silica  will  be  thrown  into  the  vibrating 

ment^  alrenily  mentioned  (219).  The  distance  from 
the  middle  of  one  of  the  segments  to  the  middle  of  the 
next  bnt  one,  is  Hie  wBYe-}eugth  in  air  corresponding  to 
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the  note  giren  T)y  the  tube.     Beplace  now  the  ftir  in  tl» 
tube  by  hydrogen  and  repeat  the  experimeutw     The  seg- 
ments will  be  greatly  increased  in  length,  being  neikrlr 
four  times  those  in  air.     In  both  cases  the  speed  is  th^ 
product  of  the  vibration-frequency  and  the  ware-leDglL 
If  this  speed  be  represented  by  a  =  *2/ ,  n  in  the  case  d 
air  and  s'—2l'.  n  in  the  case  of  hydrogen,  where  I  is  ihd 
length  of  a  Begment,  the  note  being  the  same  for  botlu 
we  have,  by  dividing  the  first  of  these  eqiiations  bv  tb* 
second,  «:«':;  Z  :  T;  or  the  speed  iu  air  is  to  the  spwJ. 
in  hydrogen  as  the  length  of  a  segment  iu  air  is  to  the 
length  of  a  segment  in  hydrogen.     The  observed  ratic^ 
gives  a  value  for  the  absolutfi  speed  in  liydrogen  c>f  12696(^ 
centimeters  per  second.     Moreover,  since  the  absolatt» 
speed  iu  any  gaa  is  inversely  as  the  square  root  of  ihf* 
density  of  that  gas,  it  is  evident  that  t}ie  i-elative  spwd 
lot. two  gases  must  be  inversely  as  the  square  root*  of 
their  densities ;  i,e.,  that  s  :  s'::  \^W '  f^tf.     Now  oxygen 
is  IG  times  as  dense  as  hydrogen  ;  and  hence  the  s^>eed 
of  sound  in  it  shouhl  be  only  one  quarter  of  that  in  hy- 
drogen.    One  quarter  of   126950   ceutimetei*s  is  3173T 
centimeters.     The  observed  experimental  value  for  oxy- 
gen is  31717  centimeters. 

By  taking  a  glass  tube  of  a  somewhat  larger  diameter*. i 
placing  silica  iu  it,  fitting  a  movable  piston  to  it,  au^ 
holding  the  end  of  a  metal,  glass,  or  wooden  rod,  vihr»^— 
ijig  longitudinally,  just  within  the  open  end  of  the  tal>^ 
(the  end  of  the  rod  being  enlarged  if  necessary  by  pla*^*, 
ing  upon  it  a  cork  or  a  disk  of  card-board),  the  ratio  <r>f^\ 
the  length  of  a  segment  to  the  length  of  the  rod  will  l->^' 
obtained ;  but  this  is  also  the  ratio  of  the  speed  of  souo<J 
in  air  to  the  speed  of  sound  in  the  rod.    Thus,  for  eiano* 
pie,  a  pine  rod  will  be  about  ten  times  as  long  as  one  or 
the  silica-segments ;  and  hence  the  speed  of  sound  in 
pine  is  ten  times  the  speed  in  air. 
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SPEED  OF  SOUND. 

8obiUncc.  Tempenlure,    Speed.      Observer. 

Meters  per  second. 
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5.  Cliangc  in  Direction  ut'SouiHl-MAves. — So  loug 

a  soauil-wave   coutiuues    iu    the    same    unchaufzed 

**9(iiiim,  it  is  propitiated  rectiliuearlj.      But  when  it 

''(Vmnters  an  obKtacle  then  its  ilirection  changes.     It 

^y  be  throwu  back  froiu   the  siirfare  upon  which  it 

^ikes,  or  be  relieeteil ;  or  it  muy  pass  iuto  the  second 

^Oinra   with   an    altered   directiou,   or   be    refracted. 

^flprtion  nf  sound  irt  ft  matter  of  eoinmon  experience, 

^^  Houud  of  a  church-bell  is  often  rellected  from  the 

d  wallfl  of  li  building',  and  the  voice  of  a  speaker  from 

walls  of  a  room.     Tyndall  lias  shown  the  reflection 

sound  from  a  sheet  of  pupor,  a  pocket-haudkorchief,  a 

flame,  and  even  a  sheet  of  heated  air.     But  iu  these 

a  portion  of  the  sound  is  also  transmitted.     Be- 

aaa  of  the  want  of  uniformity  in  the  outer  air  due  to 

rtenUi,  or  to  the  presence  of  fog  or  snow,  sound  is 

ten  speedily  dissipated  b}'  these  repeated  changes  of 

rection.    In  rare  cases,  however,  sound  is  heard  better 

raiiij  or  snowy  weather  than  in  clear  ;  the  fact  being 

at  the  air-currents  are  now  destro^'ed  by  the  equalizing 

t  of  the  rain  or  suow  upon  the  temperature. 
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220.  8ouud-retleriioii. — EcboH,— EclioH  ai'e  dae  to 
souud-rotiectiou.  If  a  sharp  sound  is  produced  ^j  « 
to  impinge  perpendicularly  upon  the  face  of  a  clifl,tlte 
sound  Htrikea  the  cliff  and  is  reflected  back  over  tiu 
same  path.     If  the  distance  to  the  cliff  be  16fJ 

the  reflected  8ouud  mtiII    be  heard  aftor  an  iuU 

about  one  second.  If  it  be  332  meters,  nearly  tvo 
Hecoudd  will  elapse  before  the  return.  If  a  person  ntte 
five  sounds  iu  a  second,  then,  in  tlie  first  ease  above  sup- 
posed, the  last  sound  will  be  emitted  before  the  first  obb 
returns ;  and  the  five  sounds  will  be  heard  distinctlj 
repeated.  The  echo  is  then  pentasyllabic.  By  staudiug 
before  a  reflecting  wall  and  clapping  the  hands  period* 
icnlly,  varying  the  distance  until  the  reflected  soandof 
one  clap  exactly  coincides  with  the  direct  sound  of  tbe 
following  one,  a  rough  measurement  of  the  speed  of 
sound  may  be  made  ;  since  tljis  speed  is  evidently  twice 
the  distance  to  the  wall  multiiilied  by  the  number  of 
claps  made  in  one  second.  If,  for  example,  the  wall  be 
83  meters  distant,  then  the  sonnd  woidd  pass  over  tlu8 
distance  and  back,  or  through  1C6  meters,  during  the  in- 
terval between  two  claps.  And  if  tw^o  claps  be  made 
por  second,  it  would  pass  over  166  X  2,  or  332,  meton 
iu  the  entire  second. 

Where  the  reflecting  surfaces  are  multiple,  the  eclio*  , 
are  also  multiple.  Addison  speaks  of  an  echo  which 
repeated  the  report  of  a  pistol  fifty-sis  times.  An  echo 
at  the  old  8imonetta  Palace  near  Milan,  according  to 
Kircher,  repeats  a  sound  forty  timea ;  and  Herscbel 
says  that  an  echo  iu  Woodstock  Park,  England,  rep&ftte 
seventeen  syllables  by  day  and  twenty  by  night.  Tll« 
echo  of  Verdun,  formed  between  two  large  towers  fifty* 
two  meters  apart,  repeats  a  word  twelve  or  thirteen 
times.  The  long-continued  roll  of  thunder  is  due  simplj 
to  multiple  reflection  from  the  surfaces  of  clouds. 

In  case  the  surfaces  are  curved  the  sound  may  be 
Beflected  by  them  to  a  common  point  called  a  focus.  A 
room  with  elliptically-curved  walls  or  ceiling  is  therefore 
a    wLispering-gallerv ;   wliinipftTH  uttered  at   one  focttS 
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ttiuctlj  audible  at  the  otber,  but  at  no  inter- 
£e  point.     Sucb  whi&pering-galleries  aro  contained 

f>Iosseuro  and  in  the  Cathedral  of  St.  Paul's  in 
and  in  a  room  in  the  Cousenatoire  des  Arts  et 
^B  in  Paris. 

Souud-rcfractiou. — Kefraction  of  sound  is  a 
if  direction  in  the  trauBiuitted  wave,  and  in  due, 
rge  scale,  either  to  differences  of  temperature  or 
id.  If,  in  consequence  of  receiving  heat  from 
id,  the  temperature,  and  hence  the  density,  of 
limiuishes  from  the  surface  xipward,  then  sound 
uing  such  a  varying  medium  will  be  defected 
•d,  as  Reynolds  has  shown  ;  and  hence  will  be  in- 
te  t4^  a  person  on  the  surface.  If,  on  the  other 
le  upper  layers  of  air  be  the  warmer,  then  the 
Kll  be  thrown  downward.  The  same  effect  prao- 
been  proveil  by  Stokes  to  be  canKed  by  tlie 
rf  the  air.  If  the  sound  be  moving  with  the 
direction  wilt  be  inclined  downward,  and  if 
le  wind,  it  will  be  inclined  upward. 

>uiid-t«haU(iwH. — UinVaction. — Interposing  an 
between  the  observer  and  a  sounding  body,  en- 
le  sound  but  does  not  destroy  it.  The  sound- 
bent  round  the  obstacle,  or  inflected,  as  it 
so  reach  the  ear.  There  is  here  evidently  a 
ind-shadow.  In  order,  however,  that  this  appa- 
ending  inward  should  occur,  the  aperture  through 
Be  sound  passes,  or  the  obstacle  around  which  it 
Bould  be  small  relatively  to  the  wave-length. 
Kd-wa%*e8,  iu  general,  have  a  considerable  length ; 
Boe  to  produce  sound-shadows,  the  obstacles 
in^s  must  be  proportionately  large.  When  a  mix- 
l  long  and  short  souud-waves  strikes  an  obstacle, 

Kj  possible  that  the  loug  waves  may  sweep  round 
cing  no  shadow  ;  while  the  short  waves,  being 
jpted,  will  cast  a  sound-shadow.  The  change  in 
Bty  of  the  music  of  a  brass  band,  for  example,  as 
Bd  comes  round  a  street-corner,  illustrates  this 
\qbL     This  deflection  of  a  sound-wave  inward  into 
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the  Hbadow-space  is  called  diffraction.     It  ia  in 
interfereu(*e    pheuouieuon,  as  explained  in   treatii^ 
waves  (G«)i. 

229.  liitcrt'crpiice  of  Soiiud. — That  two  Boumkmij' 
be  made  to  interfere  aud  thus  destroy  each  other  eitlia 
partially  or  wholly,  must  be  acce2)ted  as  eoucluaive  ptod 
that  sound  is  a  wave-motion.  When  treating  of  vftfi 
motions.  It  was  shown  (66)  tliat  whenever  two  wave«<] 
the  same  length  but  of  iliiTen^ut  amplitudes  are  BCpe: 
posed,  the  resulting  wave,  while  of  the  same  length, 
have  an  amplitude  equal  to  the  algebraic  sam  of 
component  amplitudes.  If  the  amplitudes  are  equ^ 
the  phases  opposite,  the  algebraic  sum  will  be  ze 
the  waves  will  completely  destroy 
each  other. 
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KxPXiUMENT.— To  ahow  thin  exporimea- 
tally,  let  a  tuning-fork  vibrato  in  front 
of  a  resomilor  a  (Kig.  88),  cooiiecteii  with 
the  lul>e  b  hy  two  palhs.  one  of  which,  r,  cnn 
bu  ni:uJu  luii^r  than  llie  othor  by  half  the 
length  of  the  sound-wave  emitted  by  the 
fork.  The  two  waves  will  atari  togelher  at 
a  ;  bnt  the  one  which  trnvfrses  i\  having 
half  a  wavo-loiigth  farther  to  gu  than  the 
other,  will  roach  6  half  n  wnve-lenglh  be- 
hind if,  and  ao  the  two  wilt  be  in  oppoBiee 
phases,  In  consequence  the  ear  placed  at 
the  €Mid  of  (hn  (ubo  b  will  hear  no  sound 
whatever. 


230.  SuiiiKl-iiiteusit.r  modified  by  varloua  Cai    

When  rtounii  originates  at  a  point,  it  radiates  in  all  dir< 
tious  from  that  point  So  that  at  any  instant  the  soori 
wave  is  spherical  in  form,  having  the  point  as  a  oent^l 
If  the  radius  be  unity,  the  surface  of  the  spliere  will  1 
4;r,  and  over  this  Hurface  the  amount  of  sound  emitt^ 
by  the  sounding  body  will  be  spread.  At  the  end  nf  j 
second  instant  the  sound  will  have  moved  out  to  twi^ 
the  diatiiuee,  the  radius  of  the  sphere  will  be  double^ 
and  its  surface  will  now  be  16fr.  The  same  amontit  d 
sound  will  now  be  spread  over  four  times  the  surfaoft 
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and  tiii'n-foro  u  unit  of  the  uecomi  surface  will  receive 
oiilj  oue  quarter  as  much  souud  as  a  uuit  of  the  first, 
ie.,  the  intensity  of  the  sound  there  will  be  reduced  to 
one  quarter  t)f  it«  former  value,  lu  other  Avorda,  the 
distauce  from  the  sounding  bodj  having  been  douV^Ied, 
tLe  Lutensitj  of  the  sound  has  been  reduced  to  one 
fcnrtli ;  or  the  intensity  has  varied  inversely  as  the 
«4Unrt'  of  tJie  distance.  For  the  same  reason  four  pre- 
<^^\)'  ttiuiilar  souudiog  bodies  at  a  distance  of  two  iinits 
viil  prrxluce  the  buiug  efTeot  as  one  such  body  at  unit 

Agaiu,  in  order  to  produce  audible  sound  the  couden- 
t'^tio!!  and   rarefaction  of  a  considerable  mass  of  air  is 
'■'^'irn'red.    Therefore  a  stretched  string,  since  it  produces 
*'>o«t  it  when  vibrating  only  a  very  small  flow  of  air 
*'t<.*niat4.dy  in  one  direction   and   the   other,    produces 
*^fcely  ftuy  s*»uud.     But  let  such  a  striug  be  supported 
**pon  a  sounding-board,  as  is  doue  iu  tlie  piano  and  in 
****  violiu  ;  aud  theu  the  vibrations,  being  communicated 
^  tlu*i  larger  surface,  are  sufficient  to  generate  air-waves 
*'^  great  volume.     In  the  same  way  the  vibrations  of  a 
'"lOing-fork    may  be   reinforced  by  resting  it   upon   a 
^"le-top.     This  property  *>f  reinforcing  souud  is  called 
^'^'^••aanoe,  and  bodies  which  tlius  act,  sucli  as  the  sound- 
^K>&xds  judt  mentione<l,  are  called  consouatort.     If,  how- 
ler, the  reinforcement  of  tlie  sound   is  etfected   by  a 
'*oily  tuned  toribrate  in  unison  with  the  sounding  body, 
^liis  effect  is  called  resonance,  aud  the  tuned  boily  is 
Willod  a  retonator.     The  resonant  box  on  whicli  the  tun- 
"*R-forfc  in  generally  mounted  acts  in  (his  manner. 

Farther,  the  intensity  of  sound  depends  u])on  the 

""urit  of  matter  in  the  region  where  it  is  produced ; 

'•'^*'  upon  the  density  of  the  medium  there.     Thus,  the 

*"^'*d  of  a  bell  in  rarefied  air  or  in  hydrogen  is  extremely 

^^V,  since  the  energy  of  the  small  vibrating  mass  is 

^'^^oal  to  the  task  of  setting  a  sufficient  mass  of  tJie 

.  ^*iide  air  into  vibration.     For  the  same   reason,  the 

"^^^ing  of  a  watch,  which  can  be  hoard  in  air  only  300 

^timeters,  can  be  heard  in  alcohol  at  a  distance  of  400 
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centimeters,  in  oil  of  500  centimeters,  and  in  water  of  700 
centimeters. 

Section  III. — PRODrcmoN  of  Sodkd. 

331,  Sources  of  Sound. — Sound  maj  be  generated  Ln 
variouH  ways  :  Lv  impact,  as  when  a  hammer  strikes  th.e 
anvil,  or  a  drumstick  strikes  the  drum  ;  by  explosion,  a«« 
in  the  cauuou  and  the  siuj^ng  flame ;  by  electric  actiomi, 
as  in  thunder  and  the  musical  telephone ;  by  friction,  &8 
in  the  sharpening  <»f  a  saw,  the  playing  of  a  violin,  an^ 
the  weirtl  music  of  the  eolian  harp.  In  short,  whenever 
by  tliesse  or  by  any  other  means  elastic  bodies  are  dis- 
^placed  from  their  position  of  equilibrium  and  then 
released,  sound  is  produced. 

2:iU.  Mu»U>al   Sounds  and   Noises. — We    may  'L 
ftinguish    autlible    sounds    as    musical    or    nou-mi 
M)oordiug  as  the  efft^ct  pro<luced  n|xin  the  ear  U  orj 
mot  agreeable ;  the  latter  aoonds  being  generally 
noises.    This  distinction*  however,  is  not  absolute  ; 
is  no  sonnd  which  is  not  to  some  extent  rhythmical, 
there  is  none  which  is  purely  so.     For  example,  the 
of  a  cab  n(M>n  the  pavement  is  clearly  a  noise.     Bvl 
Haughtou  has  oatcolated  that  in  the  streets  of 
▼bare   the  granite  paving-blocks   are   tea   cent 
aeroea,  a  speed  of  abont  thirteen  kilometeia  aa 
prodaces  a  saceeaaion  nf  thirty-five  shocks  per 

tiding  to  a  low  aancal  oote  easily 
i..  ...:orence  between  naeical  aonadaaod 
ever»  is  apparently  purely  one  of  degree 
npun  the  complexity.  Fourier*s  theoviem  teaciiesvatk^ 
any  arbitrary  periodic  curve  whatever  can  be  prodBct^- 
hy  ooMpoonding  a  anfficieiit  aninber  of  suaple 
cartes  oi  different  wavi&4eBgtkL  *It  a^e^ 
•ays  Dookiu,  "  that  a  nnioe  a&d  a  sunple  to^e  tf* 
extreme  caaM  of  soaad.  The  fomer  ia  so  ooai^' 
that  the  ordiaaij  powers  oi  the  ear  £ai]  to  rpaohn  i^ 
Tbe  latler  k  iMHi|HiUe  ol  ranlatioo  by  tomm  of 
absolvte  fiimplicity.'*  He  theielaR  lirinra  mmm 
lo  be  tbe  «oabtBaftia«  of  a  nsMbarof 
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>Wb  too  near  one  another  in  the  frequency  of  their 
ilirationH  to  l>e  distin^aished  by  the  unaided  ear. 

«Kt.  Prodiietlnii  nt*  MiinU'uI  K*»iin(1s.  —  Kitiee  th«',  eliief 
A'ject  in  produciuf?  continuous  snnuds  i.4  an  eHtlietic  one, 
Ire  niBy  rentrict  our  consideration  of  the  luethoda  of  ]»ro- 
nncinf^  sound  to  thos**  LnHtrumeuts  which  serve  for  the 
production  of  nini^ic.  These  may  be  classified  as  depend- 
ing: 1st,  upou  the  vibration  of  stringH,  as  in  the  violin 
Wl  piano ;  2d,  upon  that  of  rods,  as  in  the  tuning-fork 
ftud  music-box  ;  3d,  upou  that  of  pbites,  as  in  the  ^ong 
and  «t4iilial& :  4th,  upon  that  of  membranes,  as  iu  the 
tAmLotirine  and  drum  :  and  5th,  ujion  tliat  of  air-oohimns, 
Hs  ill  the  orgjui,  in  the  coruet,  and  iu  wind  instruTUfMits 
ill  jjeiieral. 

334.  Vibration  of  StriiiuH. — A  striug,  in  the  aconstiu 
>*^usG,  is  a  perfectly  uuifonn  and  flexible  thread  of  solid 
luntter,  streudied  between  two  fixed  points.  Such  strings 
"i^CApable  of  three  kinds  of  vibration  :  transverse,  lon- 
Kitodinai,  and  torsional.  We  shall  consider  ">nly  the  first 
"^  thene, 

A  complete  transverse  ^nbration  is  simply  the  move- 
Jj^'ttt  of  A  transverse  wave  along  the  string  and  back. 
''Hi'e  the  time  cif  vibration  of  a  string  is  the  time  re- 
ii'ed  for  the  wave  to  move  over  twic**  its  length;  i.e., 
-  length  uf  the  wave  is  twiee  the  length  of  the  string, 
iisonncntiy  we  may  olitaiti  the  law  uf  transvei*se  vibra- 
U  in  a  string  fnnn  that  of  wjive-ju'opjigatiou  ak>ng  it. 
{)pf>se  a  stretched  string  to  be  drawn  aside  at  its  middle 
int  The  force  of  restituti^»n  will  be  proportional  to6V>, 
imponeut  of  the  tension  perpendicular  to  the  string 
i  point  (Fig.  84).     But  the  displacement  is  0C\ 
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force  of  restitution  is  ]>roportional  to  the 
ueiit.  and  thf^  Hiring  will  \ii>rate  havnionicaUy. 
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The   speed   of    prnpagatiou  {loo)   h  <x  Vu  =  ^'F/M^ 
vT/n-rM  for  uuit  of  lengtL     But  ;»=  a/A  and  A  =  ft 
Wlieuce 
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hi  which  n  is  the  vibratiou  frequency  per  necontl,  /  Uic 
length,  r  the  rnilius  and  ^  the  density  of  the  string,  anil 
F  the  stretching  f<>rce  in  dynes.  It  therefore  Hjipfar^t 
thttt  the  iiund>er  of  transverse  vibrations  made  by  h 
stretched  string  is  proportional :  1st,  to  its  length,  b- 
versely ;  2d,  to  its  rndius,  also  inversely;  3d,  t<t  lL« 
square  root  of  the  stretoliing  force  directly;  and-ltb,  to 
the  square  root  of  the  density  of  the  string,  inversely. 

The  instrument  used  in  verifying  these  hiws,  iu  itd 
earliest  forms  as  used  by  Euclid  and  Pytluigtjras,  i^ 
called  a  monochord;  iu  its  later  forms,  a  Bonometer.  It 
c^^msists  of  a  long  narrow  resonant  box  of  wood  provi(Ie<l 
at  its  ends  witii  steel  pins,  to  which  one  or  more  wires  cm 
be  fastened.  These  wires  pass  over  two  bridges  placed 
near  the  ]»ins.  and  generally  a  meter  apart.  This  distance 
betwt*eu  the  bridg»?s  is  the  length  of  the  vibrating  wirf. 
In  some  instruments  a  pulley  is  placed  on  one  end,  to 
facilitate  stretching  any  wire  by  a  direct  weight.  TW 
wires  propiM*  of  the  simometer  are  stretche<l  by  turniii^i 
the  pins  with  a  key,  as  iu  the  piano. 

KXFKRiMENTS  WITH  THK  S<.»NOMKTKU.  — If  suL'li  a  wirt*  be  nitidc  I" 
jfiv»'  a  teitain  vil)rntion-freqii''ncy  iis  a  whole,  then  hy  placing* 
niovabk*  hrulp^  iindtT  Us  xn'uhWo  piiinr  it  may  lie  tiiadt^  to  vilinwr  in 
halviwi.  The  JuimlHT  of  vihrations  is  now  doubliHl,  .siiieo  with  iHi* 
d;iiiu<  sjR'od  of  propagation  the  wave  hsis  only  lialf  ha  far  Co  ^>.  Tht* 
number  uf  vibnitioiisliiervfore  is  inviTsel.v.  and  llie  period  or  tiinp"' 
4>nt)  vibrAtion  U  directly,  as  the  length  nf  the  string. 

In  a  second  cxperimt'nt,  plat'L*  a  thunl  ninng  on  thr  sononietf". 
between  the  ofher  two,  bolb  of  which  have  lieen  tuned  to  givct^' 
samo  nolo.  I^t  tldn  third  srrinR  pass  over  the  pulh^  and  hsW 
weights  upon  it  until  it  UtiA  the  same  vilirat ion-period  as  thnolli''f 
Btrings.  Note  the  weight,  and  then  adfl  to  it  until  the  note  emitted 
is  the  aame  as  that  f^iven  by  one  half  of  either  of  the  other  fltringt; 
i.e^i  a  note  of  twice  the  vibralnin-fix'queney.  II  will  be  found  lh>t 
;f  file  first  weight  be  ciiWfA  uwwv  \\\v  m^^^iuA  '«\\\Vw  titut  timrs  the 
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iw  wrtidA,  Uxlonble  the  nnmbfsr  of  vibruliotiH  the  (oiKsioii  lia:? 
^Qqu.'vJrui)k'U  :  i.t*..  (lit'  iiunitK'r  of  vibratioiis  \»  prnportioiial  U* 
b^  !iqnArc  niot  nf  tbt*  tension. 

'  Ti)  lU'terintnc  ilie  Inw  of  the  diameters,  (wo  wires  of  the  s^itiu* 
iaUsriJil  but  *>f  different  diaiinMorK,  iwiy  as  1  :  a,  art*  strt^lcherl  sul- 
BKiTely  U{M>ii  ihe  Honomoier.  If  for  .i  given  stretching  weight  the 
fuller  vibrates  with  the  samt'  fn?<iut'ncy  aa  hftif  the  fixixl  wire,  the 
rger  will  givi?  the  note  of  tlir  entire  wire.  All  other  eonditiona 
Hng  the  snine,  then,  a  wire  of  the  diameter  two  will  give  half  »» 
liny  -  )»er  necond  hj*  a  wire  nf  the  diameter  one. 

Bs  ::  a  wire  uf  platinum,  density  'l\h,  and  one  of  steel, 

tihUv  ;  ».  v\\v  l»w  of  densities  may  be  established  in  the  sauje  way; 
B  mtio  of  the  vibratiun-frtH^iieney  of  the  plaiinnm  to  ihat  of  the 
teU  other  ihingB  lieing  equal,  being  as  V'T-S  is  to  1^3  i  -5. 
'  Obviously,  by  using  the  equation  w  =  1/3/  .  ^ F'M,  the  last  two 
Iwriment*  may  be  eondensed  into  one  and  the  vibration-frequency 
I  proved  to  vary  inversely  as  the  square  root  of  the  mass  i»f  the 
t'tn^  \ivt  unit  of  lent^h. 

SaA.  KcvrrHail  of  PlirtHC  In  HeHeotfoii. — If  a  pulse 
^  seat  alontr  a  stretched  Ktrin^',  it  will  not  ouly  be  re- 
jected at  tbe  tixed  end,  lint  it  will  hv  revprned  in  ]>haHe 
p'y  So  tbnt  il  at  tht?  instant  at  wliifh  it  HtartN  on  its 
^ttins  H  second  pulne  be  started  outwnnl,  the  two  will 
aeet  in  the  center  of  the  string  and  will  destroy  each 
ititw  br  interference'.  The  t'eutor  of  the  string  will  be  a 
•cizit  of  rest,  provided  that  the  two  pulses  arc  alike  and 
lual;  if  not.  it  will  be  a  j)()int  of  iniuinium  inotiou. 
ieh  a  ]H>iut  is  called  a  nodal  point  or  node.     Half-wav 

ween  this  central  no<le  and  the  ends  the  motion  of 

j^iriDg  attuins  a  maximum.     These  points  of  maxi- 
[tnotion  are  called    autiuodes  or  loops.     The   si:i- 
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wiive  in  the  string  consists  of  two  loops  with  a 
ilal  point  between  ;  i.e.,  it  is  a  coroplete  wave.  In 
in»tiug,  the  loops  on  tlie  two  sides  ol  the  nodal  point 
fte/v  fitrf^etetl,  ns  the  figures  A  and  7^  (Fig.  85 
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hUow  ;  the  two  states  being  uucoessive.  Th<^  waves  in 
Hucli  a  vibrating  Htring  are  statiouary.  Tliere  mayljcw 
many  vibrating  segments  produoeil  as  is  ilesirecl ;  since 
for  three,  four,  live,  .six,  etc.,  rfucli  segn»eiits  tlie  pnliiei* 
luaat  Bucceed  each  other  so  rapidly  that  the  iuti^T- 
fereni'os  slmll  tak»^  jihire  at  one  tliird,  one  foiu'tL,  one 
tifth.  cue  sixth,  etc.,  tlie  length  of  the  sti-ing. 

RxPERiMCNTH.— TbU  »iibdiriftioii  of  a  vibrating  string  into  se^ 
nieiits  may  be  reiuiily  shown  on  the  sonometer.  If  l!ic  string  I* 
touched  wjtl)  a  frathfi'  lit  its  mi(i(]le  pttint  while  thr  btiw  U  ilniWD 
H(!m.^8  it,  both  UmIvoh  will  vibmte,  but  in  op|io8ite  (Hreetious.  If  the 
feather  iie  placr<l  jit  oiu*  Thii"d,  one  fourth,  one  fifth,  or  any  other 
exact  fraction  of  ita  leni^lb,  there  will  be  three,  four,  tivc.  or  mors 
vibrating  wKtnentn.  the  alternati<  8e)<mont^  moving  in  opixAitRili- 
n*ctionH.  To  show  ihiy  aiibilivisiou  into  scgmenta,  small  Mrips  of 
fohk-d  paper  may  tx^  phu'etl  luftride  tlio  string.  If  any  of  these  ar« 
at  no<la!  poinln  they  will  not  bf'  ilisturbinl  ;  but  if  they  are  J^t  the 
loopM,  where  the  motion  is  at  a  maximum,  they  will  i»e  promptly 
thrown  off.  It  will  l>e  notices!  that  a  node  is  pn»duc4)d  wherever  rhr 
string  is  damiHHl,  and  a  loop  wherever  it  is  struck  or  lK>wed. 

Btit  not  only  mtty  the^e  diflert*nt  modes  of  snhdivin- 
ion  exist  separately  upon  a  string  ;  they  may  and  »lo 
coexist.  Whenever,  therefore,  a  string  is  emitting  ite 
lowest  iiinsicul  note,  (lorrcfiponding  t<-»  its  rate  <i(  vibra- 
tion as  a  whide,  it  is  also  eniitfiiig  notes  of  freqneucies 
represented  by  the  natural  uniTdmrs  2,  3,  4,  5,  (5,  7,  etc. 
Btieli  accotn]>Hnying  notes  are  called  the  upper  partiil 
tones,  or  sometimes  the  overtoneB  of  the  string.  It  i»t<> 
them  that  the  qimlity  of  the  tone  is  due.  When  con- 
cordant, they  are  fre<piently  called  harmonict. 

Strings  are  generally  excited  iti  one  of  three  ways: 
either  by  plucking  them  witli  the  finger,  sometimes 
armed  with  a  ijuill  or  plectrum,  a.s  in  the  harp  ;  by  ilraw- 
iug  a  bow  across  them,  as  in  the  violin  ;  or  by  striking 
them  with  a  hammer,  as  in  the  piano. 

The  quality  of  the  note  emitted  by  a  string  is  mark- 
edly affecte<l  b}'  the  method  of  exciting  it;  the  vibratioiiH 
of  a  piano-string  in  consequence  differing  very  machi 
from  those  of  a  violin-string.     In  the  former  cas©  the 
etriog  is  struck  suddenly  ai  owe  v^Aut,  uud  it  departa 


*?featjyiju  its  form  troin  the  sine  curve.     If  the  Laiumer 

fee  H<ifi  aii*l   tlie  blow  ho   gradual,  however,  the   fuii- 

eutal  tone  is  Htrouger,  the  higher   upper   purtiula 

•**ker»  and  the  •wh<ile  U^ue  purer.     The  ntriug  is  alfm 

<iNt«>rted  ui  the  vinliu.     The  fuiuhimeutal  tone  is  din- 

tiiic't,  but  ia  i'endere<l  penotrating  iii  qnivlity  in  conse- 

yueuce  o(   the  muss  of  high  assouiutod  upper  partial 

t±3<t.  Vibration  of  Koflh.— Tranetvernal. — Like  strings, 
locl»  may  vibrate  transversely',  lougitudiually,  or  torsion- 
illy.  The  force  of  restitution  in  these  caKes,  however, 
tLe  elasticity  of  flexure  of  tlie  nMl  itself;  and  this 
liether  it  be  supported  in  the  middle,  at  one  end,  or  at 
)r>th  ends.  The  transverse  vibrations  of  rods  ai*e  quite 
couaplex,  but  they  may  bo  represented  by  the  equation 
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in  which  n  is  the  vibration-frequency,  r  the  thickness, 

Di^fwured   in  the   direction  of  vibration,  I  the  length, 

■"^  Young's  inodnlus,  6  the  density,  and  O a  constant  de- 

P*'Qdin^;  on  the  niothnd  nf  supporting'  tlie  rod.     If  it  be 

ylaiii^x.,1  at  both  emls  ov  free  at  both  ends,  tliis  conwtfiut 

^**1"78;  if  free  at  one  end  only,  0**4^8.     It  will  he  seen  that 

">^  liiimber  of  vibrations  is  directly  proportional  to  the 

•''ickuess  and  to  the  square  root  of  the  ehisticity,  and 

luvQrHflly  jiroj>orti(mal  to  the  square  (jf  the  length  and  to 

"^^  H<jujire  root  of  the  density  of  the  niateriaL     It  is  in- 

"^P^hdent  of  the  width  of  the  rod.     Hence  the  \-ibrat1on- 

P^'^M  id  a  square  rod  is  the  same  in  two  perj)endicular 

"^^'tious  jniiallel  to  tlie  sides.     While  if  the  section  be 

'^^^Ogular,  the  vibration-periods  in  tiiese  perpendicular 

'^ctiona  will  be  in  the  ratio  of  the  dimensions  in  these 

,  *^tions,      Wheatstoue's    kulf^idophoiii^   consists    of   a 

-^^t*  of  rods,  each  having  a  ditfereut  ratio  of  thickness 

^l^e  two  directions,  and  hence  giving  when  vibrated 

figure  characteristic  of  their  two  vibration-periods, 

^lr«a<ly  exjdained  (50).     These  figures  u-re  seen  by  the 
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reilertioD  of  lij^ht  from  ii  Hihor  bead  ciuried  on  Uie  end 
of  eucb  rod. 

A  8|>eoiftl  case  of  the  vibration  of  rods  free  at  both 
endH  is  that  of  the  tuuiii^-f(»rk,  A  Ktraight  nxl  of  ihia 
sort  when  aoiinding  its  h>wost  uoto  has  two  nodal  puiQtM, 

each     at     a     di?itance       ,        ,, -^ 

from  the  end  etpial  to       --   ^'-- .— -  ' 

about  one  fourth  the  fio  «. 

distance  between  them  (Fig.  86).  As  thia  rod 
is  gradually  bent  into  the  form  of  a  timiug- 
fork,  these  nodal  points  approach  each  other. 
It  will  be  seen  that  while  the  prongs  of  the 
fork  vibrate  laterally — and  in  opposite  iliivc- 
tions — the  bane  of  the  fork  vibrates  verticwUv 
(Fig.  87),  and  thus  through  the  stem  communicates  its 
vibratiouH  to  the  resonant  box  on  which  it  is  ordiunnlT 
mounted. 

The  harmonies  of  rods  rise  much  more  rapidly  than 
tliose  of  strings.     Even  for  a  rod  which  is  fixed  at  both 
ends  liki^  a  string,  as  well  as  for  one  free  at  both  endw, 
the  vibration-frequencies  for  the   fundamental  and  it* 
three  first  hariiionicH  are  as  3",  5\  T,  and  9*;  or  as  9,  25, 
45),  and  81.     AVlien  fixfd  at  one  end  only,  the  ratios  of 
vibration  for  tlie  fundamental  and  the  first  harmonic  are; 
as  2'  to  5',  or  4  t*>  25.     The  first  harmonic  of  a  tuning- 
fork  giving  '250  vibrations  as  its  fundamental,  is  a  ni»ie 
of  IfiOO  vibrations,  as  was  first  proved  by  Chladni. 

RxAMPLBs.— As  iiiMances  of  the  use  of  inniHVfrfti'ly  vibnUtn; 
hmIs  in  iniisicnl  iiiRtniments,  tho  rctHla  of  an  aucftnlotui  or  finrmnTii- 
iiin,  I  lie  i<»ii>?in-  of  a  jcvv's-harj),  rhe  similar  loiigiiis  of  a  musk'-b»>x, 
tlnj  triaiijrN'.  and  rhi?  siitI  spirnls  often  used  in  placr  of  W\\^  Biay 
Jmi  cited.  For  rods  free  ai  boili  rnds.  the  glass  or  uietid  hnnuouieDQ, 
theclaqiH'-l»o]'3  or  xylo|ilioiic.  and  the  tiininff-fork  may  U-  mentioned. 

2;i7.  Vibnttion  olUoils.— I»ii(;iiii(|iiial. — The  lon^-J 
tudinal  vibrations  of  rods  are  much  less  complex  in 
character,  sincn  their  lowest  vibratioti-]»eno<l  is  siinplv 
the  time  retjuired  l»y  tlie  sound  to  pass  tlirough  four 
times  the  length  of  a  free  segment  of  the  rotl  Hence 
the  vibration-frequency  fm-  rods  free  at  both  ends 
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Tt  =  ff/tJ/,  and  for  roils  fn»n  ut  one  oiul  n/4/,  in  wliieh  «  is 
the  Hpeed  of  ftound  lu  the  materinl  of  tlie  rod.  The 
|»encMl  of  vibratiou  uf  i\  rod,  tht?rt>fure,  in  Independent  of 
the  area  of  its  cross-section.  Thus  the  vibrjition-fre- 
<ineucy  of  h  Hteel  rod  one  meter  \oi\\^  when  c-luuiped  in 
the  middle  is  (5-056  x  10*)/200,  or  25*28  vibrations  per 
second.  Conversely,  Hince  2n/  —  «,  the  product  of  thw 
vihriitiou-frf^qnf^uc}'  by  twit**'  the  l*?n^tli  \A  the  nul  gives 
the  absolute  speed  of  sountl  hi  the  KuhstHUce  of  which 
the  r*>d  is  made.  Moreover,  the  rehitive  speeds  in  two 
rods  of  different  substimocs  are  proportionul  t<»  their 
vibratioU'frequeucieH  if  they  are  of  the  stiine  length  ;  or 
to  their  lengths  if  they  hrtve  the  same  vihnition-fre- 
tjnency. 

238.  Vibrntion  of  Plutos. — A  rod  when  extended 
sn^ciently  iu  widtli  bet'onjes  h  plate.  The  mode  of 
Yibration  of  plates  may  be  readily  htadie<i  by  strewing 
sjind  apon  them,  a  method  originally  nHo<l  by  Chladni. 
If  a  square  brass  plate  thus  prepared  be  clamped  at  its 
ceuter,  and  damped  at  the  middle  jjoiut  uf  i>ue  of  its 
Kides  by  touching  it  with  tlie  Huger,  and  then  the  bow 
l>e  drawn  across  tlie  edge  near  a  corner,  the  plate  will 
irmit  it8  lowest  note  and  the  sand  will  collect  along  two 
linea  through  the  center  parallel  to  the  sides  ^Fig.  88). 
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Bat  if  it  be  dampe<l  at  a  cru-ner  and  the  bow  be  drawn 
Acroaa  the  middle  point,  the  sand-lines  will  be  found 
along  the  diaf^onals  (Fig.  89);  and  the  note  emitted  by 
the  plate  will  bo  high*>r  than  before  in  the  ratio  of  3  to  2, 
The  pinH  and  miuua  signs  in  the  segments  indicate  the 
(lireclions  of  vibration.     Consequently  the  sand  collects 
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simply  at  the  nodal  liaes  betweeu  two  segmeutB  vibi 
ing  ill  npjMisite  tlireotious. 

AVheittstoue  explained  these  results  aa  dae  sifflplji 
the  8U})«r]>f>sitiou  of  two  plates  whose  axes  of  ^nhnitioQ 
HIV  pprpendit'ulur  t**  <»ach  other.     Sujipone  three  squire 
plHl**s  J,  li^  and  C  i,Fig.  90)  vibrating  tiunsversely,  affci 
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the  manner  of  rods  free  at  both  ends.  Let  two  of  tliese 
modes  of  vibration,  say  A  and  B^  be  impressed  at  liw 
same  time  upon  a  plate,  and  we  shall  have  D  (Fig.  91); 
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or  li  and  (\  and  w©  shall  have  E  (Fig.  92) :  which  are  the 
two  oanes  above  giren.  In  D  the  nodal  lines  nr**  p»r" 
t\\M  t<t  th*»  sides  and  iuteniect  lit  the  center  where  tap 
pUt^  is  olam|HTd.  In  F  the  umial  lines  are  the  iH- 
l^^)naU.  The  laws  of  the  vibration  of  plates,  then,  tf* 
tin*  Hrtiuo  as  tlii»s^»  4»f  wide  rods  simiUrlj  clamped. 

Hv  vnrriug  the  )MiMUt»u  of  the  )>oint  of  dampiug  iU)>) 

lUi*  IMtiut  at  which   the  bov  is  drawn,  saud-tignrefi  (^ 

V    "  *  *   beanty  may  be  pnxiuci'i 

^s  lyix>podiamt  be  mixed  witit 

thU  iH^wder  will  be  observed  to  collect  in  the 
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ildle  of  the  Hegmeuts  ;  Le.,  at  the  plncett  where  the 
^tion  is  most  violeut.  This  result  was  shown  hy  Far- 
ly  to  be  due  to  the  air-currents  produced  hy  the 
tratiti^  segmeuts.  The  pheuoineunu  disappearH  eii- 
hI)'  in  vacuo. 

When  cii'cular  plates  are  used,  the  nodal  lines  are 
lial  and  divide  the  plate  intfi  sectors  proportional  in 
mber  to  the  vibration-frequency  (Fi^'.  93».  The  lowest 
corresponds   to  four  sectors,  the  next  U\  six,  the 
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Bko  eight;  the  vibration-frequencies  being  as  the 
iareB  of  these  nnmliers.  In  general  the  vibration- 
tjneney  of  a  disk  is  directly  prnportinnal  to  its  thiek- 
«  ami  inversely  proportional  to  tlie  square  of  its 
meter. 

Bells,  like  circular  plates,  divi4le  when  vibrating  into 
even  numl)er  of  sectors,  the  alternate  itues  moving 
>ositely.  Hence  one  diameter  at  the  mouth  of  the 
I  elongates  while  another  at  nght  angles  to  this 
itracts,  for  the  lowest  note  ;  the  bell  becoming  ellijiti- 
alteruut«dy  in  these  two  rectangular  directions. 

f>.  Vlbradoii  of  Monibraiies.  —  Membranes  are 
of  thiu  parchment,  of  india-rubber,  or  of  ]>aper, 
ed  upon  suitable  frames.  They  are  set  in  viJira- 
i  either  by  a  blow,  as  in  tho  drum;  or  i>y  the  vibrations 
he  air  in  their  immediate  vicinity.  If  the  tension  on 
lembrane  is  the  same  at  all  ])oints  of  its  edge,  the 
Q^une  vibrates  as  a  whole.  But  if  the  tension  be 
Hkiab  the  membrane  has  two  rates  of  vibration, 
pnrtional  to  the  tensions ;  as  in  the  case  of  a  string, 
:uteH  strongly  along  the  line  of  greatest  teusicui, 
Jong  the  weiikest  line. 
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240.  Vibratiuu   of  Air-ooluiuiuu — That   tLe  iir  i* 

thu  piTectivo  vibrating  body  iu  orgau-pipes  and  winil  iu 
HtrumeiitH  generally,  is  shown  by  the  faot  that,  prondeJ 
the  walls  be  thick,  the  vibration-frequency  of  the  tutif 
emitted  in  independent  of  the  material  of  which  Uir 
instrument  ih  nnule.  Iu  discussing  the  production  '^ 
sound  by  the  vibration  of  air-columns,  we  will  couhidtr 
tirst  the  means  by  which  the  vibration  is  set  up  in  ('• 
tnbe;  and  second  the  speciiic  character  of  tbe  . 
vibration  itself ;  using  the  organ-pipe  as  au  iJIuKtii- 
tiou. 

That  part  nf  an  organ-pipe  by  means  of  which  tbe 
vibration^i  are  set  up  is  called  the  mouthpiece.  Two 
kinds  of  organ-pipe  are  iu  common  use,  known  iw  tbe 
fine-pipe  and  the  reed-pipe,  respectively,  according  tu  tin 
method  employed  in  them  ft»r  generating  the  vilaatiou^ 
In  the  due  organ-pipe  the  air  issues  from  a  mirru* 
slit  iu  the  form  of  a  thin  sheet  and  strikes  upon  a  slurp 
edge  placed  immediately  above  the  opening;  »ih  is  sw'ftu 
in  the  common  whistle.  That  portion  of  the  nir  wLieli 
is  thus  deflectetl  into  the  pij>e  produces  a  pulse  of  con- 
jinmsion,  which  is  propagated  up  the  tube,  and  is  t^ 
riected  at  the  outer  aud  open  end.  This  reflected  paU 
meets  a  secou<l  pulse  coming  from  the  lower  end,  adJ 
thus  the  air-column  is  thrown  into  vibration.  So  tliHtin 
Hue-pipes  the  air-columu  itself  determines  the  vibration- 
frequency. 

In  a  reed-jtipe,  the  vibrating  body  ia  initially  ft 
thin  tongue  of  uietal  called  a  reed,  jilaced  over  tbe 
orifice  at  which  the  air  e.ntei*s.  It  may  be  narrow 
enough  to  |>:iss  tltrough  the  opening;  in  which  uaw  it 
is  called  a  free  reed.  Or  it  may  bo  so  bnuul  as  to  cover 
tht*  iipeuing  completely  when  forced  down  upon  it;  then 
it  is  called  a  beating  reed.  When  a  ciurent  of  air  i* 
directed  against  a  free  reed  it  is  forced  into  the  opeuipt^* 
and  the  air-pressure  thus  being  lessened  it  springs  back 
by  virtue  of  its  elasticity,  and  so  is  thrown  into  vibration 
It  ift  the  rate  of  vibration  of  the  reed  which  fixes  th* 
vi})ration-frequency  of  the  not*j  emitted    by   the  pipe; 
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Id  qualify  oolj  of  tbe  Kouud  beiug  itffeetf^d  by  the  air* 
tlnnm  above  it 

Xbe  time  of  vibratiou  of  the  air-coluuin  in  i\  tube 
^■ply  tbe  time  required  for  a  Hoiiud-wave  to  pas» 
raogb  twice  tUe  length  of  the  tube.  Heme  the  tube 
keif  is  cue  hiilf  the  leu^th  of  the  Houud-wuve 
rreapondiug  to  the  note  emitted  by  it.  Since 
►th  euus  uf  the  orj^an-pipe  are  open,  there 
A  Le  uo  compressiou  at  either  end,  and  b<jth 
^pds  of  tlie  columu  therefore  are  loops,- 
^Kiddle  point  of  the  pipe  being  intermedi- 
Hptweeu  two  loops  niubt  tlit^refore  be  a 
^HFig,  94).  The  vibration-frequency  n 
W^open  organ-pipe  is  5/'2/,  in  which  s  is 
m  apet>d  of  the  sound  in  air  and  /  tlie  length 
^p  pipe,  ^iuce  s,  iu  air  at  the  ordinary 
I^CTuture,  is  about  34000  ceutiaioterH,  an 
•eu  jjij>G  70  centimeters  long  wyi  have  a 
hratiou-frequency  of  243  ap]>roxiraately. 


.  I. 
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EjiI'ERIMEVTS.  —  Lower  into  a  wid^i  organ-pip*?,  sounding  its 
[irlaniL'nhil   iii>te,  it  siuaII  circular  niombrane  ntrewn  with  aatul. 

"  rntoni  the  pii>e  thoswnd  will  nUtle  loudly  ufKin  tho  membrane, 
'vibniiion*  ifri^wUiR  Icfta  as  ir  gots  down,  lutd  erasing  entirely  at 
'  niiddln  point  of  Ihit  pijKr.     They  iiicreikie  ?i;jHiri,  however,  a-s  the 

0  tADjbourine  dcj^H^-ndn  further,  bei-oming  im  lively  as  ever  nt 
TBouth.  A  no<.l(>  Iherefore  is  a  point  of  no  motion,  jilthonjifh  it 
pftintof  miiximiun  oontUMianlion  and  rarefaction.    ConsiMtuciitly. 

1  opening  be  mmlf  throii«:h  the  tube  at  iis  middle  point,  which  hi 
caac  is  a  node,  the  sound  emtttud  inime<liat4ily  changiv.  tho 

t  boRomins;  a  loop,  and  the  pi|»e  bfing  praelicvlly  redue<Hl  one 
in  length.  Thisintheuction  t»f  theopenings  in  the  rtnfe  and  the 
lonet.  On  th^  otlier  hand,  if  a  diaphnngm  be  pLaced  across  tlio 
» rtf  nn  o^>cn  pipe  thus  vibniting,  the  condensuitinns  and  rarefac- 
»  nrr  not  itiierf«re<l  with,  and  the  vibration-frequency  of  the 
itf  nnehant^, 

A.  Rftopped  organ-pipe,  as  the  pipe  in  the  last  experi- 
it  id  generally  called,  gives  the  name  note  as  an  open 
!  of  twice  its  length.  Hence  thf  wave-length  of  the 
ad  emitt'»d  by  a  8t<ippeil  orgaii-i)ii>e  is  four  times 
lengtli  of  tlie  pipe  itself. 
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The  upper  ])»rtittl  tonoH  of  an  open  orgau-pip  m 
represented  by  the   nuturnl  uuniberH  2,  3,  i,"».  6,  fit, 
like  tlioyo  of  ii  strin|^  vibrating  trausverselj*  (Fig.  95). 
The  niiiUlle  point  is  a  loop  for  iLeerw 
njfHloK,  ami  a  ntnle  for  the  odd  ujoilwnf 
snbilivisiou.     Heni.'e  if  an  open  pipe  Iv 
stopped  at  its  middle  point,  oulv  tboM 
ovf  rUmes  are  possible  M'hich  hnve  lliis 
point  f<^»r  a  node  ;  Le.,  the  uuevfu  owt- 
tones,   3,    5,    7,   etc.      Li   consequence, 
thc^e  are  the  only  overt<mes  possible  in 
the  note  of  a  closed  pipe  (  Fi{<.  96).    Tli« 
qualit}'  of  the  note  which  such  a  pipeeniu 
conaetjueutly  is  quite  distinct  in  cL^^ 
acter.hx)nj   (hat    emitted   by    an   op« 
pipe.     > 

When  an  open  organ-pipe  isHnnndf^ 
in  any  other  medium    than  air,  the   equation   »=*if 
still  holds  for  its  fundamental   note.     Since  at  0"  tbe 
s]»eed  of  sound  in  hydrogen  is  120950 
ceutiraeters  and  in  water  142340  cen- 
timeters   per    second,    the    vibration- 
frequency  of  the   note  emitted  by  the 
70-centimeter   pipe   above    mentioned 
will  be  nearly  907  when  sounded  with 
hydrogen,  and  nearly  1017  when  sound- 
ed with  water. 

The  pi|)ert  nsed  with  reed  mouth- 
pieces are  generally  called  coraeti. 
They  differ  widely  in  shape,  their 
function  being  U)  reiuforoe  certjiiu 
upper  partials  of  the  vibrating  reed 
more  strongly  than  others,  and  thus 
to  develop  a  certain  quality  of  tone. 
The  clarionet,  oboe,  and  bassoon  are  reed  instrumented 
the  reeda  being  made  of  cane ;  as  are  also  the  brae) 
instruments  known  ah  the  trumpet,  French  horn,  coniet^ 
trombone,  etc.  The  tlute,  the  fife,  the  picci>lo,  and  tli 
Hageolet  are  f1ue-]npes.     The  quality  iu  all  thei^e   iu»tn( 
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*      mt*i3tK  (lepeiicls  nn  th**  form  of  the  air-cavit}',  wliich  may 
]>(■:  !ii(i(lifi*>(l  liv  various  devices. 
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341.  Liiiiit  oi  MtiHirail  SuuihIk,— Miihical  Houndn  bnve 

'drK'hiv  beeu  detibed  as  those  which  are  agreeable  to  the 

**^ir.     But  the  geusation  of  huariug,  like  the  other  seusa- 

^'ojjs,  varicM  widely  iu  differeut  persous  ;  and  hence  there 

'^  uot  only  a  wide  difference  of  opiuiou  as  to  the  musical 

'haractcr  of   sounds,  but  even  the  rau^^e  of  audi1>ility 

*N(df  differs  in  different  cases,     Tyudall  tells  uh  that  the 

•-'hirpiuj^  of  the  insects  iu  the  AVengeni  Alp,  whi(di  was  so 

»<brill  a*i  to  be  almost  intolerable  to  liiui,  was  entirely 

inaudible  to  a  friend  walking  by  his  side.     Pi^eyer  ^ves 

l<»  and  von  Melinhottz  34  as  the  vibration-frequency  at 

the  lower  limit  oi  atidibilit}-.     The  upi)er  limit  is  32001) 

(l>«Hpretz),  38000  (von   Helmholtz),  and  4IKWX)  (Appuuu) 

vibrations  per  second-    But  of  coui-se  all  these  souuds  are 

wot  aviiilable  for  musical  purposes.     The  extntnte  ran^e 

•mipli>3*ed  iu  music  exteuda  in  general  from  H2  vibrations 

1%   HMi*rim1   pjiven   by    the   h)west  pipe  of  an  organ   (4  88 

iiHiterH  long)  to  4*2*24  vibrations  iu  the  piano-forte,  or  475^2 

vibmtious  in  the  piccolo ;  the  average  being  from  40  to 

4O00   vibniti<iUH.     The  avemgp  compasK  of  the  human 

Vi>ice  is  included  between  about  87  vibrations  for  h  bass 

Tiiice,   and    775  for    a   treble    one.     Exceptionally,   the 

HripnvMo  voice  has  reuched  VAO^  vibrations. 

tS4!i.  MiiMif*ul  Pitch.— A1>Nnliit4^Vil>ratiuii-rre4|iurn«ry. 
—What  is  called  vibration-frequency  iu  acoustics,  iu 
niUHic  is  called  pitch.  Thf»  former  is  stated  numerically 
AM  tlie  number  of  vibrations  per  second  ;  thr  latter  is 
f^enerally  indicated  by  one  of  the  first  seven  letters  of 
the  alph.-%f>et.  Thus  the  pitch  of  tlie  musical  note  C,  is 
alxml  25*1  vibratiouH  in  a  second.  Since  the  period  of 
vibration  of  a  nnt#3  is  inversely  as  its  frequency,  the  pitch 
IH  said  to  he  liigh  or  low,  acconlitif^  as  its  period  is  vela- 
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tively  short  or  long.     Tlie  ahsoluto  pitch  employed  b 
music  is  regulatt^d  somewLut  urbitraril}'  hy  muiudjuiii 
not  only  dnt's  it  vary  from  time  to  time,  bat  the  Htawlfttd 
t'ciucert-pitch  varieH   consiilerably  at  the   saino  tinip  iii 
different  couutrieH.     Thus  Elliu  has  bIiowu  that  iu  Eiiii- 
land  coucert-pitch  f(»r  C,  has  risen  in  tlio  cours*^  of  i:w 
years  from  467  to  54^  vibrations  per  second.     LisHajoa* 
f<»unil   for  the  note  A^  iu   the  Turin  opera  4*44'75,  the 
Paris  opera  448,  the  Mihui  opera  450  H,  the  Berlin  opera 
450'75,  and  the  St.  Petersburg  opera  451'o  vibration*. 
In  Paris  in  1826  tho  A^  fork  of  th**  French   opera  j^tp 
445,  that  of  the  Italian  opera  44D-5,  and  that  of  the  Opera 
Comique  452  \ibrations.     And  Cross  has  found  for  C|  ' 
vibrntion-frequeucies  varjinj^  from  25$>*1  ti>  273'0  ainoii!; 
the  musical-iustrumeut  makers  in  this  country  ;  Chick- 
firing's  standard  fork  being  268*5,  Weber*8  270*3,  lutl 
St^^inway's   272"2.      The  Thomas  concert-pitch  iu  V<1^ 
was   2711,   and  that  of  the   Boston   jMusic    Hall  or^ftu 
271*2.     The  French  Academy  has  adopted  435  vibratic'Us 
for  the  note  ^1,.     In  Germany  tlie  A^  fork  of  the  Stutt- 
gart congress,  440  vibrations,  is  the  standard.     In  Eng- 
land  the  Society  of   Arts  ado|)ted   this,  but  the  pitcli 
used   in  a(;4)ustiu   instruments,  C,  =  512,  is  als^i  in  qnitt> 
general  use. 

2421.  Relative  PItcIi.-Inti'Pvalft.— Von  Helmholtx 
has  pointed  out  the  fact  that  in  the  music  of  all  nations,  hu 
far  as  known,  alterations  of  pitch  in  melodies  take  place 
by  intervals,  and  not  by  continuous  transitions.  Henr* 
arises  a  number  of  distinct  niusit*al  notes  between  which 
these  intervals  occur.  But  all  tones  which  are  musical 
wlien  sounded  alone  do  not  produce  musical  intervaUj 
M'hen  sounded  together.  Consequently  melody,  which 
consists  of  a  succession  of  notes,  is  -mora  ancient  nodi 
more  primitive  than  Iiarmony,  which  is  obtained  bi 
simultaneously  sounding  tones  which  together  produt 
an  agreeable  effect.  We  owe  to  Pythagoras  the  fii 
experimental  investigation  of  the  laws  of  harmony.  B^ 
suitably  subdividing  a  stretched  string,  he  proved  th»1 
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tlie  Lnrmony  of  the  two  sounds  is  the  more  perfect, 
the  simpler  the  ratio  of  the  two  parts  into  which  the 
«triii^  18  <livi Jod.  Siihsequeut  in  vestigutioii  estab- 
liniied  the  fact  that  the  vibration-frequency  of  a  string  is 
ittversely,  aud  its  period  is  directly,  prf)portitmal  U\  its 
length;  Aud  theref<»re  that  those  iiittM'vals  are  the 
most  musical  which  liave  the  siiuplest  vibrutinu-ratios. 
Ctlliug  tlie  vibrati«ui-ratiti  of  two  notes  their  relative 
pitch,  we  (iee  that  the  intervals  1  : 1, 1 :  2,  2  : 3,  3  : 4,  etc., 
*f6  the  intervals  pnxlucing  the  niaximnm  harmony,  since 
their  relative  pitch  is  exj)reHsiblH  by  tlu^  simj>lt'st  iiuiii- 
Wrs.  Why  this  should  be  so,  remained  fi>r  a  long  time 
HU  buigma.  Even  the  eminent  mathematician  Euler 
weepted  it  as  an  ultimate  fact,  (.ontentiiij^  liimself  in  the 
'^lief  tlmt  it  was  because  the  human  miud  takes  a  pecu- 
W  pleasure  in  simple  ratios.  The  problem  was  ulti- 
DiateJv  solved  by  von  Helmholtz,  in  a  way  which  we 
fthall  presently  explain. 

1S44.  Muitical  C'honlh  and  Scales. — But  not  only  may 
^0  ui»tes  whose  relative  pit4:h  is  expressible  by  a  simple 
fiitio  he  sounded  together  with  good  effect;  three  or 
niorft  such  notes  may  also  be  sounded  together  witli  the 
s»ni»  result,  provided  that  these  notes  have  vibration- 
"pqneuciea  which  bear  to  each  other  simple  ratios.  Tliua 
»^  notes  having  the  vibration-frequencies  4,  5,  6,  8  have 
w*e  ratios  1,  J,  J,  2,  which  are  simple  or  consonant  ratios 
'^itb  reference  to  each  other,  being  J,  |,  \.  While  the 
«"K  C,  8,  9»  12,  gi^-ing  the  intervals  1,  J,  j,  2  are  dis- 
**<»uai»t,  because  their  ratios  are  more  complex,  J,  |,  J. 
*h«  sound  produced  by  the  simultuiieous  jiroductiou  of 
•^'"'^  tlum  two  separate  notes  is  called  in  music  a  chord. 
'^  *'on«ouant  chord  like  tlie  first  just  given  is  calhvl  a 
wncord;  a  dissonant  chord  a  discord.  Now  on  comparing 
^'^h'^ther  tlt6  notes  whiL-h  have  been  used  for  musical 
^'^preswion,  and  tf>  which  the  tii-st  seven  letters  of  the 
'^'pkabitt  have  been  given  as  names,  it  appears  that  this 
"tt'Tiionii'  triad,  i.e.,  the  three  notes  whose  rati(»s  are 
^\h    it\  iw  r»^p.*at*'d  tliiv-i'  times  in  the  series.     Thus  we 
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have  0:  ^:  ^  ::  4  :  5  :  6;    G  :  ^  :  2^  ::4  :  5  :  6,  iml 
F\  A\  26" ::  4  :  5  :  G.     Whence  we  have 


C    D    E    F 

«    A 

B 

C    D 

4            5 

6^ 

\ 

i 

5 

6 

4 

5 

6 

Coinbiuiug  these  together  and  clearing  of  fractions,  yit 
]mv6  for  tliiK  Heries  of  eight  notes  the  relative  pitch  ol 
each  note  as  follows : 

Q^^K    F     Q     A     Ji     € 
^4?2?    30  32    ?6    40    45 1  48 

.    /      '  ' 

Htich  a  successioa  of  notes  is  called  a  masical  scale.  th»' 

Hrst  note  being  repeated  to  form  the  eighth.     There  are 

sevi^u  intervals  in  this  scale,  these  intervals  being  chftr- 

acterized    by   tlieir   ])OHition    in    the   Heries.     TIiuh  tb« 

interval  from  the  first  or  fundamental  note  to  the  second 

note  is  oalleil  the  interval  of  the  second:   t<5  the  tlufil, 

fourtb.  iifth,  sixth  notos^  the  interval  of  the  third,  foortk. 

fifth,  sixth,  etc.     And   the  interval   from  the  tirst  to  the 

ei^lith  an  octave.     Siure  tlie  interval  is  determined  by 

the  ratio  of  th<*  vibration-frequency  of  tlie  upper  notA  in 

tht*  lower,  it  is  evident  tliat  intervals  and  cliords  have  to 

<lo  with  relative  pitcli  alone,    The  intervals  in  the  mnsti- 

cal  scale   above   given  reckoned  from  the  Br»t  or  key 

note  are  therefore  as  follows:  Interval  of  the  second  j} 

or  I ;  of  the  tbinl  } ;  of  the  fourth  \  ;  of  the  fifth  \  ;  of 

the  sixth  J;  of  the  seventh  J^;   and  of  the  orta>-e  i] 

Between  the  successive  notes  we  have 

C     D     E     F     O      J      n      t 


i     i     J 


It  will  be  observed  that  the  intervals  iit  this  scale  thn4 
constrncted  are  not  equjil ;  Hiree  being  represented  bvj 
-J.  two  by  J^,  and  two  by  jj.  The  first  of  these  is  cjilled] 
H  major  tone,  the  second  a  miuoY  toti*»  v\a\vI  Uu*  last  a  migi 
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tone  or  limma.    The  iuterval  between  the  major  au<l 
minor  tone,  |J,  is  called  a  comma.     Moretjver,  the 

Rl  between  C  aud  E^  called  th<i  m^jor  third,  and  (J 
the  fifth,  is  f  H- 1  or  I ;  and  this,  which  is  the 
val  between  E  and  G,  is  called  a  minor  third.  The 
Vftl  between  the  major  third  J  aud  the  minor  third 
\\t  a  minor  semitone  or  diesis. 

•V%,  Minor  Soiile. — If  a  musical  Hcale  he  eonstrncted 
iich  the  minor  third  precedes  the  major  instead  of 
Big  it  as  above,  its  musical  character  is  entirely 
RU  uud  it  becomes  a  minor  scale.  If  A  be  taken  aa 
^•uote»  a  raiuur  third  below  0,  the  kej-note  in  the 
^ale,  tlie  ratios  of  the  intervals  are  as  follows : 

.1      B      C      D      E     F      G      A 

i     *     »     i     i     *     «     2 

re  therefore  in  the  minor  scale  three  major  and 
lor  t<ines,  and  two  major  semitones,  just  as  in  the 
.le,  but  they  are  differently  distributed.     Tho 
iristic  iuterval  is  the  minor  third,  and  this  slitrht 
produces  a  marked  effect;  so  tliat  wbile  musio 
in  the  major  key  is  cheerful,  open,  aud  bold  in  its 
ir,  that  written  in  the  minor  key  is  sad,  melan- 
aid  abijve  all  undecided.     A  second  form  of  the 
icale  is  in  use  in  which  the  intervals  are  as  fol- 
tJ»  Y»  l»  V»  h  IS-     This  form  is  preferred  for 
ftcondin;^  si-ale,  while  the  form  above  given  is  gener- 
iplo_vt*d  fi>r  the  descending  scale. 
\,  TriiiispoKltloii  of  Snilos.  —  The    scales   now 
wl,  which  are  called  diatonic  scales,   are  qnita 
it  for  any  music  written  in  the  particular  key  on 
ley  are  based.     But  since  any  note  of  the  scale 
used  as  a  point  of  departure,  it  is  obvious  tluifc 
\r  that  the  succession  of   intervals  shall   remain 
le,  certain  changes  must  be  made  in  the  scale 
Snppose  G  to  be  matle  the  key-note.     Then  of 
semitones  necessary,  one  between  B  aud  (7,  the 
tivreeu  F  and  G,  only  the  former  exists ;  whilr* 


248 


rnraiGB. 


at  the  8nnie  time  a  semitone  exists  between  E  toA 
where  it  is  not  required.  Hence  simply  by  raLsing  J 
a  Hemitone  the  intervals  on  the  scale  of  G  will  l>ecoiai 
the  same  as  in  the  scale  of  C  This  process  of  raiaing  | 
note  by  a  semitone  is  culled  sharpening  or  sharping  il 
the  converse  process,  lowering  it  a  semitone,  l>eiugwill«5 
flatting  it.  Thus  F  raised  a  semitone  beoomes  F  BbAlj 
or  Fi ;  while  V  lowered  a  semitone  becomes  C  flat  <l 
Co.  The  number  of  vibrations  of  a  sharped  iioUi  i 
obtainotl  by  multiplying  the  vibration-frequency  of  tli 
natural  note  by  §J,  the  interval  of  a  minor  semitone,  an 
the  vibration-number  of  a  Hatted  note  by  dinding  by  ill 
same  fraction. 

Since  every  transjjosition  of  this  sort  from  one  keyl 
another  requires  the  sharping  or  flatting  of  some  of  til 
notes  of  the  scale,  it  is  evident  that  upon  an  instruma 
like  the  piano,  for  example,  new  keys  must  be  added  (( 
the  new  notes.  Since,  for  example,  CS  and  Z>?  areni 
in  fact  the  nanre  note,  the  number  of  such  new  kejBl 
greater  than  the  number  of  whole  tones  in  the  scale.  1 
play  in  perfect  tune  in  the  seven  keys  of  the  major  sa 
requires  the  introduction  of  twelve  notes;  and  of  tl 
minor,  of  seven  notes  more,  making  in  all  twenty-a 
notes  to  the  octave.  But  since  the  key-note  may  l>e  iiek 
a  sharped  or  flatted  note,  still  more  notes  will  be  reqnin 
for  these  scales.  So  that  Ellis  fixes  72  notes  iu  t) 
octave  as  the  number  essential  to  theoretically  eomph 
command  over  all  the  keys  used  in  modern  music. 

247.  TeiiiiKTrtuioiit.— In  ])ractico,  such  a  number 
notes  iu  the  octave  is  clearly  impossible.  A  uomprouu 
is  then  necessary  between  the  ]>ure  intervals  reqtiired  I 
theory  and  the  possibilities  of  execution.  Such  a  \\ywa 
of  accommodation  is  called  "  tempering "  the  scold,  *l 
the  various  motliods  which  have  been  proposed  I 
accomplisliiug  it  are  called  "temperaments.''  That  n' 
generally  adopted  is  a  system  of  equal  toroporame; 
developed  by  Bach.  It  ignores  the  distinctions  betwe 
the  major  and  minor  tones  and  semitones,  and  consid* 
the  sharp  of  one  note  as  the  same  lis  the  Hat  of  the  d 
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abc>"%re  it;  Urns  reducing  tho  notes  iu  the  octave  to  tw'elve 
only  ;  i.e.,  to  the  seveu  original  ones  represented  by  the 
«hit;e  keys  and  the  five  interpolated  ones  by  the  black 
on«^s.  "  Music  founded  on  the  tempered  scale  must  be 
corx^jiJered  as  imperfect  music,  and  far  below  our  musical 
setinihility  and  aspirations.  That  it  is  cudnred  and  even 
thouglit  beautiful,  only  shows  that  our  ears  have  been 
sytitemalically  falsififnl  from  infancy."  (Blaserna.) 

34H.  Aiiuly.HiK  and  SynthoHiM  of  CoiiipoHite  Tones, 

— The  term  quality,  as  applied  to  musical  sounds,  has 

reference  to  the  form  of  the  wave  ;  or  since,  by  Fourier'tj 

tVieoreni,  tlie  form  of  a  comp4)nud  wave  depends  upon 

*Vie  character  of  its  components,  the  quality  of  a  com- 

}H)8ite  tfme  is  determined  by  the  number  and  clmracter 

'*f  it«  component  waves.     As  we  have   seen,  the  tones 

**Hted  by  musical  instruments  are   all   more  or  less 

^"oposite,  the  fundamentxil  or  lowest  note  in  the  com- 

"^iiation  being  associated  with   hij^her  notes,  rising  iu 

pitclj  by  definite  intervals,  these  associated  notes  being 

^^lod    overtones   or   upper    partials ;    sometimes   also 

**J'*'^*ioiuc8.     When,  for  example,  a  piano-string  or  the 

^^^  in  an  oj>en  organ-pipe  vibrates,  not  only  d<i  we  liear 

*'**^   iiole  corresponding  to  its  maximum  period,  which  is 

'^Itrd  the   pitch  of  the  string  or  air-column  ;   bnt  ac- 

*-*'^*^»pannng  it  we  hoar  the  overtones  whicli   are   also 

V^'^tieut.     In    the   case   of   the   string,  the  fuudameutul 

^te  ia  given  when  the  string  nbrates  as  a  whole  in  a 

**^|i;le  segment.     Bnt  when  it  vibrates  in  two  segments, 

'*''    lliiee  or  four,  simnltaueonsly,  there  are  superposed 

*^\>ou  this  fondameutal  note,  other  notes  whose  relative 

P^Mi  is  two,  three,  or  four  times  tliat  of  tlie  note  proper 

**^  the  string.     The  intervals  thus  produced  are  there- 

wre^for  the  first  added  tone,  |  f()r  the  second,  f*  for 

•he  Uiird,  J  for  the  fourth,  J  for  the  fifth,  and  so  on. 

"lion  the  series  of  overtimes  is  complete,  the  vibration- 

'*^*^queiicy  follows  the  order  of  the  natural  numbers  1,2, 

'^'  "i  5,  etc.,  and  the  first  overtone  is  the  octave  of  the 

^^"'Umentrtl,  the  secf)ud  is  the  fifth  of  that  octave,  the 

""f4  i^  the  doable  octave,  the  fourth  is  its  major  third. 
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the  fifth  is  the  fifth  of  the  double  octave,  and  so  oq,u|[» 
to  the  limit  of  audibility.  If  the  fundnmental  note  Iw 
6',,  for  example,  the  harmouic  series  will  be  as  follovit: 


c 

c. 

0. 

c, 

E. 

0. 

-Y 

128 

256 

384 

512 

640 

768 

896 

m 

2m 

3m 

4  m 

5m 

6m 

7w 

The  note  marked  -Y  is  intermediate  between  A^  audiJ,. 
241>.  Methods  of  iiualyzin^  SouimU. — Two  uiethotU 

have  been  employed  for  the  analysis  of  composite  souodK* 
both  based  on  the  principle  of  sympathetic  vibratiou. 
When  two  vibrating  bodies,  tuning-forks,  for  example, 
are  in  exact  unison,  either  of  them  will  set  the  other  in  vi- 
bration. In  the  method  of  Mayer,  the  symjmtbetii*  nhra- 
tiouH  are  excited  in  tuning-forks;  in  tliat  of  von  Heltn- 
holtz,  they  are  excited  in  the  air  of  resonators.  Tbfr 
reed-organ  pipe,  for  example,  whose  tone  is  to  be  aoft- 
lyzed  by  the  former  method,  has  an  opening  in  its  will 
opposite  a  node,  and  this  opening  is  covered  with  a  tluo 
inelastic  membrane.  To  the  center  of  this  membrane  ift 
attached  a  bundle  of  silk  cocoon  threads  a  meter  or 
more  long,  their  outer  ends  being  fastened  each  to  a 
carefully  adjusted  tuning-fork  of  the  harmonic  series. 
When  the  organ- pijHj  sounds,  the  vibrations  of  the 
membrane  are  all  transmitted  along  the  tense  threadi^to 
the  forks;  but  each  fork  is  influenced  only  by  vibrations 
of  its  own  rftte.  8o  that,  after  the  experiment,  by  uoliJig 
which  of  the  forks  are  sounding,  it  is  easy  to  tell  tbe 
vibratiou-riLtioH  aotuallj^  existing  in  the  composite  t<>u& 
Moreover,  the  proportiounte  stiength  of  any  harmonic  in 
the  original  tone  is  faithfully  reproduced  on  the  corro* 
spouding  fork. 

In  von  Helmholtz*8  method  resonators  are  emplojeil. 
Those  are  lioUow  vessels  whose  iiir-cavity  has  been  cJiro- 
fully  tuned  to  a  definite  pitch  and  the  air  in  wbioii 
therefore  is  readily  thrown  into  vibration  by  a  note  of 
the  same  period.  The  older  resonators  were  sphericjd, 
but  the  later  ones  are  cylindricjy  in  form.  One  end  i* 
drawn  down  to  a  small  opening  which  may  be  placed  in 
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If  the  Bound  to  which  the  resonator  is  tuned 
^Sisla  in  the  air  in  the  vieinit}-,  it  will  be  reinforced  and 
b^ome  audible.  Hence  by  snundiug  a  composite  tone, 
ind  applying  successively  different  resonators  to  the  ear, 
^i«  possible  to  indicate  at  once  the  simple  notes  which 
xist  in  the  compouud  tone,  and  thus  to  analyse  this 
)ue  into  its  constituents.  Moreover,  by  educating  tlie 
Ir  by  practice  with  these  instruments,  it  becomes  possi- 
te  to  distinguish  many  of  the  difTereut  harmonics  in  a 
ttnponnd  tone  even  without  the  aid  of  resonators. 

St^O.  Methods  ol"  »*yntlKvsizlng  8oiiii<1n. — In  Mayer's 
►paratufl  just  described,  it  is  evident  that  as  all  the 
rks  whose  notes  exist  in  the  corajK)site  tone  of  the 
ed-pipe  are  simultaneously  sounding,  they  must  to- 
tlier  reproduce  this  composite  tone,  and  thus  synthe- 
se  the  sound.  Another  S2>ecial  form  of  apparatus  for  the 
nthesis  of  sounds  has  been  devised  by  von  Helmholtz. 
^onsistii  of  a  set  of  eleven  tuning-forks,  one  giving 
Blundamental  note  and  nine  others  its  harmonics;  the 
eventh  fork  acting  as  an  interrupter,  to  control  elec- 
ioally  the  vibratiuus  of  the  others.  Each  of  the  ten 
rka  is  provided  with  a  resonator,  and  is  kept  in  vibration 
ns  of  an  electro-mjignet.     The  aperture  of  eaclt 

>, !  :"r  inclosed  with  a  disk,  luovable  from  a  key-board 
■leAttS  of  a  lever.  Wlieu  all  the  forks  are  vibrating 
^»)und  is  feeble;  but  on  depressing  any  key  the  cor- 
Hondiug  fork  speaks  out  loudly.  If  all  the  keys  ar<^ 
^essod  down  at  once,  the  full  set  of  harmonics,  like 
ORe  of  an  open  organ-pipe,  for  example,  are  heard, 
hile  if  only  thr  otld  keys  are  so  depressed,  the  s*)und 
sembles  that  of  a  closed  organ-]>ipe. 

The  results  of  von  Helmholtz's  researches  with  these 
struiiients  have  not  oidy  abundantly  demonstrated  the 
ct  that  the  peculiarity  of  sound  which  we  call  quality 

due  solely  to  the  degree  and  to  the  character  of  the 
miplexitj'  of  that  sound;  but  they  have  enabled  him  to 
Mutify  musical  sounds.  Thus  he  finds,  1st,  that  simple 
mea,  like  tht>sft  of  tuning-forks  on  resonant  boxes,  are 
4lL  and  smooth,  but  feeble  and  dull.     2d,  that  com- 
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pound  tones  cotitHiuiug  a  moderately  loud  series  of  lur- 
monies  up  to  the  sixth,  are  barmouions  and  masical 
Wiiilo  rich  and  splendid,  they  are  also  sweet  and  Boft 
if  the  hi^lier  Larmonicu  are  absent.     Such  are  the  toues 
of  the  pianoforte,  of  open  organ-pipes,  and  the  soft«t 
tones  of  the  voice  and  of  the  French  horn.    3d,  thatwku 
tlie  uneven  harmonies  only  are  present,  as  iu  uiirrow 
closed  organ-pipes,  piano-strings  stiuck  in  the  mid^Ue, 
and  clarionets,  the  quality  in  hollow,  and  if  the  up[»cr 
notes  are  present,  nasal.     When  the  fundamental  tiue 
is  strong,  the  tone  is  rich  and  full;  when  weak,  tho  t«tne 
is  poor  and  empty.     4th,  that  when  higher  harniouics 
than  the  Bisth  or  seventh  are  prominent,   the  tout*  i» 
rough  and  cutting;  as  in  the  violin  and  reed-pipe,  the 
oboe,  bassoon,  and  accordeon, 

251.  Theory  ut'  I>iN.sonuneo. — Resultant  Toues.— 
We  liave  noticed  abeady  ^(il)  that  when  two  or  mow 
harmonic  curves  are  compounded  the  resultant  is  also  a 
harmonic  curve,  whose  aniplitiulo  is  the  algebraic  snm 
of  the  component  amplitudes.  If  the  two  hannouic 
curves  be  equal  iii  length  and  iu  amplitude  but  opposite 
in  phase,  they  will  mutually  destroy  each  other.  But  if 
one  has  a  wave-length  greater  than  the  other,  the  oue 
will  gradually  gain  on  the  other  so  as  to  be  alternately 
in  the  opposite  and  in  the  same  phase  with  reference  to 
it  (66).     When  in  the  same  phase,  the  resultant  ampli- 
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tude  is  doubled  and  the  sound  quadrupled;  when  ia 
opposite  phases,  the  sound  is  zero.  Hence  under  these 
conditions  a  rise  and  fall  of  the  sound  is  heard,  prcnlnc- 
ing  the  phenomenon  known  in  music  as  beats  (Fig.  97). 
If,  for  example,  one  note  has  64  vibrations  a  second 


aiiil  the  other  *>5,  then,  if  they  start  together,  the  latter, 

^t.  the  exid  of  half  a  secoud,  will   have  gaiued    half  a 

Wbration  over  the  former.     Hence  the  two  will  be  iu 

opposite  phases  and  will  oppose  each  other.     At  the 

©iid  of  a  whole  s^i'cuud,  tlie  latter  note  will  have  gaiued 

HI  entire  vibratiou  over  the  other  and  the  two  will  again 

ve  in  accord.     There  will  therefore  be  one  increase  and 

one   decrease  of  the  sound   each   secoud ;  or  in  other 

words,  there  will  be  one  beat  per  second.     In  general, 

the  number  of  beats  has  been  shown  by  Koenig  to  stand 

in  a  simple  relation  to  the  vibration-frequencies  of  the 

interfering   sounds.     Primary   beats,  Le.,  the   beats  of 

fundamental  tones,  fall  naturally  into  two  sets,  culled 

respectively  a  wpcrior  and  an  inferior  set.    If  on  dividing 

the  higher  vibratiou -frequency  by  the  lower  there  is  a 

positive  remainder,  the  primary  beats  thus  produced 

belong    to    the    inferior    set;    while  if  the  remainder  is 

negative,  they  l)e]ong  to  the  superior  set.    As  a  rule,  the 

inferior  beat  is  heard  best  when  its  number  is  less  than 

half  the  frequency  of  the  lower  primary  ;  wliiie  when  its 

number  is  greater  than  this  the  superior  beat  is  more 

distinct. 

EXAVPLES. — Suppose  two  forks  of  vibration-frequeneie8  100  and 
tlS,  rt«{w*ctively,  to  be  »oun(]e<l  loijether.  Since  100  gnen  into  513 
rith  a  positivu  remaiiuler  of  12,  there  will  be  produced 
second,  belonging  to  tlie  inforior  st*l.  But  since  also 
100  ROCS  fnto  513  six  liraoa,  with  a  nogative  remninder  of  88,  i.«., 
bSx  time^  100  mfims  88  is  equid  to  Ol'J,  another  set  of  beats  will  be 
pro(incod.  tUib  time  l\w  snjwrior  set,  having  88  beats  \ier  second. 
ABthe  numlwrof  beala  in  the  inferior  set^  12,  ia  lerta  than  lialfof  100, 
the  frtsqiiency  of  tho  lower  primary,  the  inferior  set  of  beatis  in  this 
case  will  be  heard  more  distinctly.  If  tho  second  fork  bo  raised  to 
ass  vibrations,  tbu  superior  bent  will  bo  12  per  second  and  the  in- 
ferior beiil  88 ;  so  thAt  in  this  case  the  superior  beat  will  be  very 
aktrong  and  the  inferior  beat  almost  inau<]ible. 

Evidently  the  inferior  beat,  when  produced  between 
two  notes  in  the  same  octave,  corresponds  simply  Uj  the 
difference  of  the  vibration-frequencies  of  these  two  notes. 
If,  for  instance,  the  fork  C^  of  64  vibrations  be  sounded 
with  />,  of  72.  the  positive  remainder  8,  which  determines 
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the  inferior  beat,  is  also  the  number  which  represenk 
the  difference  of  frequency. 

This  fact  that  the  unruVjer  of  beats  per  second  corre- 
sponds to  the  difference  in  the  frequency  of  vibration 
between  two  notes  has  been  utilized  in  determiniof; 
pitch.  Scheibler's  tonometer  consists  of  a  sorieB  o! 
tuuing-forks,  each  of  which  is  carefully  tuned  to  give 
four  vibrations  a  second  more  thau  the  fork  next  beloi 
it,  so  that  when  sounded  together  they  produce  four 
beats  per  second.  To  ascertain  the  pitch  of  any  given 
sound  by  means  of  this  tonometer,  it  is  only  necessnrj 
to  find,  first,  between  what  two  forks  in  the  series  the 
sound  comes,  and  second,  the  number  of  beats  which  it 
makes  with  each  of  these  forks. 

As  the  frequency  of  the  beats  increases,  a  point  i* 
fiually  reached  wliere  they  cease  to  l>e  recognized  as  difr 
tiuct  sounds  and  blend  into  a  more  or  less  pure  tone. 
This  t<^ue  was  first  obsorvi^d  by  Sorge  (1746),  and  it  is 
known  as  the  grave  harmonic  of  Tartini     Since  its  pitcL 
corresponds  to  the  iliffereuce  of  frequency  of  the  two 
tones,  Young  called  it   a  difference-tone.     To    this,  von 
Helmholtz  added  another  resultant  tone  whose  pitch  w 
tlip  sum   of  the    two  frequencies,  and  which   he   called 
a  sammational  tone.     But  while  maintaining  that  ihtst 
combinational  tones  |ilay  a  very  important  jiart  in  deter- 
mining the  harmonious  character  of  chonls,  the  sumnia- 
tioiuil  tones  of  the  primaries  beating  with  their  upper 
partial  tones  and  so  making  the  interval  more  or  less 
harmonious,  he  3^et  denies  that  beats  can  blend  so  as  to 
form  a  true  tone.     The  researches  of  Koenig  appeiir  to 
have  settled  these   matters  conclusivelj.     In  the  first 
place,  he  finds  that  when  pure  tones  are  used,  no  tone  is 
heard  under  any  circumstances  the  frequency  of  which  is 
the  sum  of  the  frequencies  of  the  two  component  tones. | 
And  in  the  second  place,  he  has  apparently  proved  thai] 
beats  do  coalesce  to  produce  beat-tones. 

Examples.— TbuB  Koenig  sounds  the  forks  C«  giving  3048  ribi 
tions,  and  />•  giving  'Jaoi,  and  ohlnins  the  iiifiTior  beat  correspouil- 
Jng  to  256  vibraliijus  ;  Unaw  bcaU  \j\e\iA\vv%  \wvtecllv  an»l  giving  th< 


^HMr  note  C>  correspomUn^  to  this  frequency.  If  the  note  B»  at 
^KUii  vibratiood  be  eombiDod  with  C*  of  204H,  the  superior  beat  is 
FBoiritod,  and  precisely  the  same  note  oa  before  is  obtaiuod.  Bui  in 
tllucAse  the  bent-tone  is  neither  a  differential  nor  a  summatiouAl 
I    tone,  and  yet  it  corresponds  to  the  calculated  vibratton-frcqueQcy. 

Koenig'g  inyeKtigations  seem  then  to  have  established 
three  facts :  1st,  that  beat-tones  are  iu  fact  produced,  and 
tftiit  they  correspoud  in  pitch  to  the  uuinber  of  the  beats ; 
2d,  that  these  beat-tanea  can  theuselveH  iuterfere  and 
produce  secoudaiy  beats  ;  and  3d,  that  the  same  number 
of  heatH  will  always  give  the  same  beat^toue  whatever  be 
the  interval  between  the  two  primary  tones. 

Mayer  has  made  an  important  contribution  to  the 
theory  of  dissonance  by  showing  that  the  duration  of  the 
«eu8atiou  of  a  sound  depends  upon  its  pitch,  this  duration 
being  less  the  higher  the  pitch.  Thns,  for  example,  he 
tiudft  that  while  the  duration  of  the  sound  C,  of  64  %-ibra- 
tiuns  is  1/16  of  a  second,  that  of  (7,  of  256  vibrations  is 
1/47,  that  of  G\  of  384  is  1/60.  that  of  H^  of  640  is  1/90, 
and  that  of  C^  of  1024  vibrations  is  1/135  of  a  second. 
Hence  while  the  note  C,  may  be  intermitted  16  times  in 
a  second  without  ceasing  to  appear  contiguous  to  the  ear, 
dr.  must  be  intermitted  60  times  per  second  in  order  to 
preserve  its  continuity.  In  consequence,  if  (7,  and  G^, 
having  vibration-frequencies  of  64  and  96,  respectively. 
be  sounded  trigether,  the  inferior  and  superior  boats  will 
botii  l»e  32  in  number  ;  and  as  this  is  greater  than  16, 
the  blending  vnhio,  the  two  sounds  are  hai*mouious.  On 
the  other  hand,  if  <7,  of  a  frequency  of  256,  and  />,  of 
288,  bo  s( Minded  together,  the  inferior  beat  will  be  32,  the 
superior  beat  224  per  second.  The  former  being  below 
the  blending  value  47,  the  resultant  tone  will  be  disso- 
nant. 

While  simple  sound-waves  can  differ  only  in  length 
and  in  amplitude,  complex  sound-waves  may  also  differ 
in  form.  It  is  the  view  of  von  Helmholtz  not  only  that 
"  every  different  quality  of  tone  requires  a  different  form 
of  vibration,"  but  also  that  "  different  forms  of  vibration 
may  correspond  to  the  same  guality  of  tone.'*     In  otlier 


words,  tLiit  '**  differences  in  nniHieal  quality  of  toue  tie- 
peud  solely  ou  the  presence  and  strength  of  partiul  tones, 
and  in  no  reHpect  ou  the  differenceH  of  phase  under 
which  these  partial  tones  enter  into  composition." 
Koeuig,  on  the  other  hand,  seems  to  have  shown  esjwri- 
nieutally  that  ditferences  of  phase  do  prodace  a  distinot 
eflfect  upon  the  quality  of  coniponud  tones  ;  and  furtlier, 
that  coiubiuatiouH  in  which  the  conKtitueuts  of  thesniutl 
vary  in  their  relative  intensity  and  phase  from  wave  to 
wave,  are  recognized  by  the  ear  as  possessing  tnts 
musical  quality. 

Section  V. — SpEAKiNa  and  Heabing. 

252.  Tlio  Huinnn  Voice. — All  vocal  sounds  are  pnK 
duced  within  a  cartilaginous  prismatic  box  placed  upon 
the  summit  of  the  tracliea,  and  called  the  larynx.  It» 
vibrating  parts,  called  vocal  membranes,  consist  of  tvo 
sharp  folds  or  ridges,  which  project  into  the  cavity  Jiud 
which  are  formed  of  elastic  tissue,  and  are  covered  with 
the  mucous  menibraue  which  lines  the  air-passages. 
The  fine  smooth  edges  of  those  vocal  membranes  uearlj 
meet;  so  that  between  them  there  is  a  narrow  slit  aiUed 
the  glottis.  In  front,  the  vocal  membranes  are  attached 
to  tlie  thyroid  or  principal  cartilage  of  the  larynx,  and 
behin(l,  to  the  twoaiyteinad  cartilages  wliirh  are  pyram- 
idal in  shape  and  movable  in  position.  Ordinarily  ll>« 
glottis  is  a  V-shaped  opening,  through  which  the  lir 
passes  during  respiration  without  producing  sound.  Bj 
means  of  the  muscles  attached  to  the  arytenoid  cartilageitr 
however,  the  vocal  membranes  may  be  made  tense,  and 
the  glottis  narrowed  to  any  desired  extent.  So  that 
when  a  sound  is  to  be  produced,  these  membranes,  tbufl 
stretched,  are  readily  thrown  into  vibration  by  the  cur- 
rent of  air  which  is  sent  through  the  glottis  from  the 
lungs.  Evidently,  the  ]>itch  of  the  note  emitt*Ml  will  de- 
pend,  first  upon  the  length  of  these  membranes,  aud 
second  upon  their  tension.  Hence  in  the  first  place  we 
Und  them  longer  in  the  male  thau  in  the  female  laiTUS, 
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^BB^<^^^^Jf  anexaminatiou  with  the  laryugoBcope  shows 
tLem  to  \yd  teuBer  wheu  high  notes  are  8uug.  This  csnu. 
(lilion  of  thin^  may  be  roughly  iraitated  by  oiittiug  the 
end  of  a  hard-rubber  tube  obliquely,  stretchiug  two 
ittrijw  of  soft  sheet-rubber  over  the  edges  so  as  to  Jiave  a 
flmttU  slit  between  them,  and  tying  them  witli  a  Btriiig. 
Tlie  menihraufjus  tou^uea  thus  formed  may  \h\  tlirown 
into  vibration  by  the  passage  of  air  through  them  in 
eitber  ilirectiou,  and  their  action  resembles  closely  that 
of  the  vocal  membranes. 

The  air-canties  connected  with  the  larynx  have  a  not 
^^SK  important  part  to  ])lay  in  the  production  of  vocal 
iwundi*.  These  cavities,  and  particularly  that  of  the 
KioutL.  act  by  their  resouauce  to  reinforce  the  sounds 
produced  by  the  vocal  membranes.  Since  these  soumls 
U^rich  in  overtoues,  it  follows  that  the  quality  of  the 
r<»ioe  depends  maiidy  upon  the  sha]»e  of  tliese  air-i^avi- 
aes  and  upon  the  particular  overtones  which  they  reiu- 

S,  The  richuesH  of  the  voice  in  harmonics  appears 
the  fact  tliat,  with  the  aid  of  resonators,  it  has  been 
ble  to  recognize  harmonics  as  high  as  the  sixteenth 
It  the  notes  of  a  powerful  bass  voice.  Moreover,  in 
I  notes  are  always  austaiued  on  a  vowel-sound  \ 

r  I  ly  vocal  Kound  has  in  it  stjmethiug  of  the  vowel 
nnlity.  Now  von  Helmholtz  has  shown  that  the  vowels 
\n  be  Arranged  in  three  series  according  to  the  shape 
latuned  by  the  mouth  as  a  resonant  cavity  in  producing 
hMU-  The  vowel  a  as  in  "father"  forms  the  commou 
rigin  of  the  three;  and  with  it  are  associated  o  as  in 
wore,'*  and  «  as  in  **  sure."  The  second  series  consista 
\  a  nearly  as  in  "bat,"  e  as  in  "there,**  and  i  as  iu 
knachine.*'  The  third  includes  o  like  the  en  in  "  peu/' 
ud  i\  like  n  in  "  pu."  If  a  musical  note  be  sung  and 
ds  different  vowels  be  pronounced  at  the  same  time, 
Seir  characteristic  quality  nmj'  be  easily  determined  by 
^ettiiB  of  resonators.     Thus,  for  exami)lc,  in  //the  fuu- 

■IHtal  note  is  strong,  and  the   third  harmouio  well 
e<l ;  iu  0,  there  is,  besides  the  fundamental,  a  strong 
&co]id  harmonic  and  weaJf  third  and  fourth  ham^ouicft; 
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in  A  the  second  and  fourth  Lariuonics  are  feeble,  the 
third  in  strou^^;  in  E^  the  fimdameutal  uote,  the  tbitd 
and  the  fourth  hariuouicB  are  feebh;,  the  second  aud  the 
fourth  harmonics  are  strong,  the  latter  tlie  most  so;  and 
in  /  the  high  harmonics,  especially  the  fifth,  are  atrouglr 
marked.  These  results  are  complicated  by  the  fact 
that  the  vowel-sounds  are  dependent,  not  only  upon  the 
quality  of  voice  which  sounds  them,  hut  also  upon  tbf 
pitch  of  the  note  taken  as  the  fundamental,  aud  npoo 
the  language  employed. 

Two  forms  of  apparatus  for  producing  the  vowftj- 
soonds  synthetically  have  been  contrived  by  von  Helm- 
holtz.  A  set  of  tuning-forks  in  one  of  those^  aud  a  set  of 
stopped  organ-pipes  in  the  other,  each  carefully  tmiwl 
to  give  one  of  the  required  harmonies,  are  so  associated 
together  that  any  note  or  assemblage  of  notes  can  be 
obtained  by  depressing  suitable  keys.  The  synthesizwl 
vowels  are  readily  recognized,  and  the  result  is  a  striking 
confirmation  of  the  correctness  of  the  theory.  Koenig  baa 
made  a  set  of  tuning-forks  with  corresponding  resonaU)W, 
so  tuned  as  to  give  the  vowel-sounds.  If  the  mouth-caritjr 
be  adjusted  so  as  to  sound  any  one  of  the  vowels,  m4 
the  corresponding  fork  be  held  near  the  opening,  th^ 
sound  of  that  vowel  will  be  heard,  the  cavity  reinforciup 
by  its  resonance  the  sound  emitted  by  the  fork. 

Speaking  differs  from  singing  chiefly  in  the  luauuer 
in  which  the  vocal  sounds  are  modified.     In  the  former 
as  well  as  the  latter,  sustained  sounds  are  always  vowel- 
sounds.     The   intiectious  of  the  voice  in  conversatiou 
take    place   in  musical  intervals.     When  a  question  is 
asked,  the  voice  rises  a  fourth.     When  a  word  is  empha- 
sized, it  lises  a  fifth.     In  ending  a  statiMuent  it  falls  a 
fifth,     The  fundamental  modifications  of  the  voice,  how- 
ever, are  effected  by  means  of  consonants.     In  some  of 
these,  vibration  of  the  vocal  membranes  plan's  no  part^ 
the  effect  being  produced  solely  by  the  cavity  of  the 
throat  and  mouth.     Consonants  are  frequently  classified 
according  to  the  place  where  the  characteristic  modifi- 
canon  takes  place.    Thvis^  laliial  cousouants  like  B  and 
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P,  dental  consonautH  like  D  and  T,  and  guttural  conso- 

Ekuts  like  G  (hard)  and  K^  are  80  called  because  the  iu- 
rruption  takes  place  at  the  lips,  the  teeth,  and  the 
roat,  respectively.  Moreover,  they  uiav  be  divided  iuto 
bxplusive  (like  those  just  given),  aspinite,  resonant,  or 
pibratory  consonants,  according  to  the  suddenness  or 
bther  special  character  of  the  motion  producing  thetii. 
lu  whispering,  no  vocal-membrane  souuds  are  employed, 
tud  therefore  the  distiuctioas  between  consonants  re- 
Ijuiriug  such  sounds,  as  B,  D,  and  6',  and  those  not  re- 
Ijniriug  them,  such  as  P,  2*,  and  K,  are  for  the  most  part 
kutirelj'  lost. 

:£;&3.  The  Oriran  of  Ucariiit;. — The  ear  is  the  oi^au 
xough  which  sounds  are  able  to  affect  our  conscious- 
Its  delicacy,  its  range,  its  sensitiveness,  are  moat 
rprusiug.     liayleigh  heard  a  whistle  at  so  great  a  dis- 
nco    that,  as   he    calculated   it,  the  amplitude   of  the 
lound-wavo  was  only  81  X  lO'^  (or  0-000000081)  centi- 
iieter.     Wo  have  seen  that  the  limits  of  audibility  range 
DT»m   16  to  40000  vibrations   per   second.     And  highly 
b-aiued  musical  ears  are  said  to  be  able  to  distinguish 
^ven  hundred  sounds  in  a  single  octave. 
i     The   external   ear   consists  of   the    auricle,   serving 
robably  only  to  collect  the  sound,  and  the  auditory 
ual  by  which  it  is  transmitted,  partly  direct,  partly  by 
tion,  in  ft  membrane  whicli  separates  the  audit<jry 
from  the  drum  of  the  ear.     The  ear-drum  is  a 
vity  closed  on  the  external  side  by  the  membrane  just 
leidioned,   and    on    the    internal    side    by   two   others, 
lle<l  the  oval  and  the  round  membranes,  respectively. 
ttliiii   it  is  A  chain  of  three  smidl  bones,  called  the 
nlleus,  the  Incus,  and  the  stiipes.     The  malleus  is  at- 
ched  to  the  tii-st-mentioned   membraue;    anil  also   to 
e  incus,  which  connects  it  to  the  stapes.     Since  the 
at  portion  of  this  stirrup-shaped  bone   is  fastened  to 
e  membraue   closing  the  oval  oi>eniug,  it  is  evident 
at  the  vibrations   received  by  the   outer   membrane 
Tom  the  air  will  he  transmitted  through  these  bones  to 
be  membrane  of  this  ovaJ  opening.     Beyond  the  ear- 
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dram   is  tbe  luaer  ear,  enclosed  entirely  in  bone.  It 
t'ousists  of  three  portions  termed,  respectively,  the  w- 
tibule,  tbe  cochlea,  uud  the  semicirculur  canals.    Tlu 
round  and  tbe  oval  membranes  separate  tbe  ear^m 
frtiui  the  vestibule.     The  inner  ear  is  tilled  with  liqiiii 
which  servos  to  distribute  the  vibratitniM  >vliicb  iir*'  re- 
ceived  through   tbe   oval  window.      Tbe   oochleA  is  i 
canal,  in  the  Hha])e  of  a  cotucal  belix  like  n  Nnoil-sVi!, 
divided   lengthwise   into   three   cavities,   two  of  \^u^ 
communicate  at  their  extremities,  while   the   third  ii 
closed.     The  partition  separating  the  two  former  cavitieii 
from  each  other  is  bony,  while  that  separating  eatb  nl 
these  from  the  third  is  membranous.     This  basilar  meni- 
brane  is  triangular  in  form,  and  is  capable  of  vibrating 
iu  parts  through    a   considerable   range.     Upon  i(  reM 
two  series  of  fibers  known  as  Corti's  rods  or  arches, 
wound  round    and    covered  with    liair-cells    and  filter*. 
which  are  the  terminations  of  the  auditory  nerve.     Enc)' 
nerve-fiber  is  sensitive  only  to  the  vibrations  of  tl: 
with  which  it  is  connected  ;  i.e.,  to  those  of  that  psm  ", 
tlie  basilar  membrane  on  which  this  arch  rests.     Siow 
the  rods  of  Corti  numl^er  ten  thonsand  or  more,  and  tlip 
hair-cells  are  even  more  numerous,  it  is  clear  that  a11 
the  various  rates  of  vibratiou  within  the  limits  of  audi- 
bility may  by  their  means  be  separately  detected  aud 
transmitted  to  the  brain. 

The  drum-membrane  is  slightly  concave  externally, 
and  is  kept  stretched  by  a  muscle  which  acts  on  the 
malleus.  It  has  no  vibratiou-rate  of  its  own,  and  irau 
therefore  readily  take  up  from  the  air  yibrations  of 
various  periods.  These  vibrations  are  transmitted  by 
the  ossicles  to  the  liquid  contained  in  the  middle  eiu 
and  through  it  to  the  basilar  membrane,  certain  part  or 
parts  of  which  are  thus  thrown  into  vibration,  according 
to  the  pitch  of  the  sound;  the  organ  of  Corti,  with  it& 
rods,  hair-cells,  aud  hairs,  serving  to  convert  these  vihra- 
tious  into  excitations  of  the  nerve-endings.  The  radial 
dimensions  of  the  basilar  membrane  have  a  range  from 
About  five  tenths  to  about  four  Uiiudredths  of  a  miliime- 
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»t;  and  hence  being  tense  radially  but  loose  longitu- 
cUnally,  raav  act  as  a  series  of  railial  stringH,  each  capa- 
ble of  vibrating  at  a  given  rate  and  therefore  thrown 
rmpathetieally  into  vibration  by  a  note  of  the  Hame 
ik'b.    This  explains  the  remarkable  power  of  analysis 
p03AH88ed  by  the  ear.     Whenever  a  composite  sound  is 
l»ear(l,  the  ear  is  able,  within  certain  limits,  to  resolve 
tliifi sound  into  its  constituent  vibrations.   The  compound 
Mrare  throws  different  portions  of  the  basilar  membrane 
'tit<)  siniultnueous  vibration,  corresponding  to  the  differ- 
«nt  component   simple    vibrations.      And    these    nerve- 
impulses  acting  together,  produce  the  same  impression 
folloctively  that  is  produced  successively  when  the  com- 
ponents are  sounded  one  at  a  time. 

Intensity  of  sound  also  is  appreciated  by  the  cochlea 
iiS  well  as  pitch  and  quality.  It  is  possible,  however,  that 
the  vestibule  1ms  some  function  to  perform  in  this  direc- 
tion. The  semicircular  canals  have  nothing  to  do  with 
Ering,  as  it  is  believed,  but  are  concerned  only  in  the 
servatiou  of  bodily  equilibrium. 


Section  VL — Optical  Representation  of  Sounds. 


254.  Visible  SoiiuU-palios. — Various  methods  have 
ti  proposed  for  representing  to  the  eye  the  phenom- 
na  of  sound-vibration.  If  a  vibrating  tuning  fork,  for 
<»xample,  having  a  pointed  strip  of  thin  metai  attaclied  to 
one  of  its  prongs,  be  drawn  across  a  plate  of  smoked 
^lass,  it  will  trace  a  nearly  simple  harmonic  curve.  If 
the  smoked  gliiss  be  a  disk,  and  the  speed  of  its  rotation 
fje  noted,  the  vibratiou-frequency  of  the  fork  may  readily 
determined  in  this  way.  Conversely,  a  fork  of  known 
may  be  used  to  measure  the  speed  of  rotation  of  the 
^lisk,  and  m»y  act  therefore  as  a  chronograph.  If  two 
forks  be  employed,  one  of  which  carries  the  glass  and 
the  other  the  style,  the  trace  is  the  result  of  their  mutual 
action ;  and  by  suitably  varying  the  relative  vibration- 
rate  of  the  two  forks,  their  interfereuoe-curvea  may  be 
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beaatifullj  shown  in  this  infiniier  both  when  their  Mura- 
tious  lire  pftriillel  tu  ami  when  they  tiro  perpendicular  to 
each  other.     The  glass  should  not  be  smoked  too  heavily. 

A  second  optical  method  is  that  of  Koeuig,  known  m 
the  mauonietrie  dame  method.  A  hollow  wooden  cjliu- 
der,  divided  transversely  in  the  middle,  has  its  two  can- 
ties  separated  by  a  thin  elastic  membrane.  Through  oue 
of  its  ends  a  tube  passes  for  the  conveyance  of  the  sojiail; 
through  the  other  a  smaller  tnbe  from  a  gas  supply  passes^ 
and  also  a  tine  jet.  On  lighting  the  gas  at  the  jet.  a 
luminous  flame  an  inch  or  more  in  height  is  produced. 
If  sound-waves  be  made  to  enter  the  cylinder,  the  mem- 
braue,  and  consequently  the  gas-column,  is  thrown  into 
vil>ratii>n,  causing  a  vortical  oscillation  of  the  jet.  If  kh« 
image  of  this  be  viewed  in  a  revolving  mirror,  it  will  be 
drawnyjut  into  a  series  of  serrations  characteri.stic  of  tlie 
sound  (^mploj'ed. 

A  tliird  method,  proposed  by  Lissajoua,  depends  upon 
the  optical  combination  of  two  liarmonic  vibrations, oa 
the  princijdos  already  explained  (69).  If  a  tuning-fork 
be  provided  with  a  niirror,  from  which  a  beam  of  sunliglit 
is  reflected  to  a  screen,  then  on  vibrating  the  fork  tlie 
spot  of  light  will  be  drawn  out  into  a  line.  If  a  seooDil 
similar  fork  be  interposed,  so  as  to  receive  upon  its  mir- 
ror the  beam  retiectetl  from  the  first  fork,  and  so  place*! 
that  its  plane  of  vibration  is  perpendicular  to  that  of  ih^ 
first  fork,  then  on  causing  both  forks  to  vibrate  the  figure 
on  the  screen  will  be  a  Lissajous  curve,  characteristic  of 
the  relative  period  of  the  forks.  If  their  vibration-r»ti> 
be  unison  and  their  amplitudes  equal,  the  curve  will  1» 
a  circle,  an  ellipse,  or  a  straight  line  inclined  -k^"  to  tlif 
original  directions,  according  to  the  difference  of  pbii»* 
between  them.  If  the  ratio  l>e  I  :  2  or  an  octave,  ih* 
curve  will  be  tlie  lemniscate  nr  figure  of  8;  and  soon. 
If  the  ratio  be  exact,  the  figure  at  first  produced  is  \96T' 
manent,  except  that  it  decreases  as  the  amplitude  of 
vibration  diminishes.  But  if  the  tuning  is  not  exact, 
one  fork  gi-adually  gains  on  the  other,  and  the  figure 
passes  gratlually  through  its  complete  cycle  of  chauR** 


in  the  [)eri«>d  which  is  leqiiireil  b^  oue  fiuk  to  ^tiiii  a 
complete  vibration  on  the  other. 

2»/>.  The  PlioiiHiitotn*nph  and  tlie  l'lioii4>Krn]»li. — 

For  the  purpose  oi  securing  fi  record  of  the  ttir-viJira- 
tiouft  produced  by  uouu<1«  \jeim  Scott  contrived  uii  appa- 
latas  cjiUed  a  phouaut<jgraph,  hy  lueauH  of  which  the 
(Miniiil  ifi  made  to  writ-e  its  f»wu  curve.  This  apparatus 
I'onHJiits  of  two  distinct  partn  :  l«t,  r>f  n  holJuw  parabo- 
loid, cut  away  at  its  a]>ex  ho  that  a  membrane  Htretched 
JMimtis  this  opeu  end  is  in  its  focus.  To  the  center  of 
this  uiembraue  is  attached  a  style  made  of  a  bristle;  tho 
vibnition  of  the  point  of  uttachnient  being  regulated  by 
lUfaus  of  a  suitably  placed  damjnug-screw.  2d,  t»f  a 
hraiis  cylinder  rotating  spirally  on  a  horizontal  axle 
U])«m  which  a  screw-thread  is  cut ;  and  upon  which  is 
iiecuied  a  sheet  of  smoked  paper.  The  apparatus  is 
fuljuHEted  so  that  the  style  is  just  in  contact  with  the 
Mimked  surface,  and  so  that  the  motion  of  the  meni- 
^)thi\fi  causes  the  eud  of  this  style  to  vibrate  with  its 
"mximnm  amplitude.  If  no  sound  is  produced,  rotation 
"f  tii*^  cylinder  causes  the  style  to  trace  a  spiral  line  ou 
llif'  smoked  siu'faee.  But  wheu  a  sound  is  sent  into  the 
rimuth  of  the  paraboloid  the  vibrations  of  the  membrane 
Hiid  itf  its  attached  style  cause  a  curve  t(»  be  traced,  the 
'orm  of  which  correspouds  U>  that  wliich  characteiizes 
(be  particular  sound  employed.  By  the  use  of  this  ap- 
l»iU*utus  the  chanicler  of  any  sinijdo  or  composite  tone 
"iHV  be  couveuieutly  studied  in  relation  to  its  quality  as 
Ml  as  to  its  pitch  and  amplitiule. 

It  fM-curre*!  to  Edison  in  1H77  that  by  using  a  grttoved 

'.^'iiider  (*overed  with  a  sheet  of  tinfoil,  and  Ity  placing 

J»»*r}if.i)(lionlar   Ut   ita   radius   a   thin   metal   diaphragm 

provjilpt]  with  a  steel  ueedle-iMiint  as  a  style,  it  would 

'^  jKjKsible  to  indent   the   tinfoil  as  the  membraue  vi- 

.  *'ates,  and  so  to  piotlnce  the  wave-curves  correspond- 

^^R  to  tho  given  sound  in  a  jtlanc  normal  to  the  cylindri- 

''^*  surface.     And  further,  that  by  causing  the  style  to 

'"'>ve  again  over  the  wave-surface  thus  traced,  it  would 

^>'ow  the  diaphrn^'/n  iijt4:t  corn^s/)ondirig  vibration,  at^tV 
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tUus  reproduce  souud-wnves  iu  the  air  analogons  to 
tlio^  which  origiiiftlly  produced  the  record.  Subse- 
qnpiitiy  he  grru-tl  v  improved  tlie  phonograph,  jus  he  cnllwi 
the  iustrumeut,  using  a  couipfsitiou  of  wax  for  tW 
reeeiviug-cyliuder,  rotating  it  by  an  electric  motor,  and 
piovidiu;^  a  murJi  better  form  of  Htyle  ;  so  that  in  tlir 
new  form  it  has  become  a  commercial  iustnimeut,  and  i* 
used  iu  pbice  of  8teBogra]>hj,  the  cori*e8poudeuce  being 
dictated  to  tlie  instrument  and  then  reproduced  liv 
meauH  of  a  typewriter.  It  is  stated  that  as  mauy  u 
40001)  words  cau  be  recorded  ou  a  space  not  greitet' 
than  G5  square  eentimeters.  A  modifieatinn  of  tbe 
phonograph  has  Iweii  invented  by  Tainter  and  Bell,  and 
chilled  the  graphophone.  Both  of  these  iuatrumebtH  Uw  | 
proved  of  j^reat  use  iu  studying  the  peculijiritie«  o( 
spoken  sounds. 

250.  Acoustic  Attraction  and  Repulsion. — It  btf 
been  b>ug  kuowu  that  a  body  in  a  state  of  vibration  ei* 
erts  an  attractive  or  repulsive  action  on  light  bodies  in 
its  vicinity.  Dvordk  in  1875  vibrated  a  long  woodra 
rod,  and  f(»uud  that  a  small  square  of  |)aper  or  a  pitli- 
ball  suspended  near  it  by  a  filament  of  silk  was  (it- 
tractful  at  certain  points  and  at  certain  other  poiuto 
repelled  ;  this  effect  being  duo  to  the  currents  of  air 
flowing  toward  or  from  the  vibrating  body.  Similarly  • 
vibrating  tuning-fork  will  attract  a  piece  of  suspended 
card-board.  Dvorak  showed  that  near  the  closed  eudof 
it  resonant  cylinder,  which  ia  a  node,  the  pressure  \» 
greater  than  the  atmospheric  pressure  when  the  air 
within  it  is  vibrating.  Hence  a  balloon  filled  with 
hydrogen  is  repelled  from  the  mouth  of  a  resonance-bos 
on  which  is  a  vibrating  tuning-fork  ;  -wliile  a  ballooo 
filled  with  carbon  illoxide  is  attracted.  Placing  an 
ordinary  brass  Helmholtz  resonator  (the  smaller  open- 
ing  in  which  is  closed)  upon  the  end  of  a  light  rod 
provided  with  a  glass  cap,  resting  on  a  needJe-poiut,  aud 
counterpoising  it  by  a  piece  of  lead,  Dvorttk  obaetved 
A  strong  repulsioi:  when  the  mouth  of  the  resonator 
was    placed   fvppoaite   tVie   oY^fevi   tud.  v>t   the    resoiuiut 
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IX  of  a  tuciug-fork  tuned  in  unisou  with  it.  Mayer 
placttd  four  niuall  glass  rebOuatoi'H  4^u  cros^-aruis  8ua- 
peuded  bv  u  thread,  and  found  tlmt  when  an  orgau-pipe 
^n  tune  with  the  reHonat^irs  T\'rts  sounded  oiqjosite  the 
ttiouth  of  one  of  them,  the  repulsiou  pro<luced  caused 
^tAtioD  of  the  apparatus.  A  remarkable  series  of  ex- 
periments was  devised  by  Bjerkuea  in  1880  for  exhibiting 
similar  phenomena  in  liquitU  ;  these  experimentu  being 
<»x]ubited  at  the  PuHh  Electrical  Exhibition  in  1881,  au 
>ilt4>win^  Atrikiug  analogies  with  electrical  and  magnetic 
HUraction  and  repulsion. 

257.  Enoriry  of  Soiiuil-vlbratiou. — The  energy  of  a 
vibrating  body  which  emits  liound,  like  the  energy  of  uu 
oscillating  pend\Uum,  ih  alternately  all  kinetic  and  all 
potential  (104).  For  an  elastic  body  vibrating  in  ac- 
cordance with  Hooke's  law,  the  work  done  in  displacing 
the  bystenw  and  therefore  the  energy  stored  up  in  it 
when  displaced,  Ik  the  product  of  the  mean  force  by  the 
^placement     To   determine    this   mean   force,    let    0 

»  I" 

O « • A 
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ig.  98)  be  the  position  of  eijnilibrium,  and  B  and  C 
points  equally  dlKtant  from  0  and  A,  Let  ^i  be  the 
force  required  tr>  produce  uuit  diH])laceinent,  then  ^/.  OA 
MxW  h^  the  force  devehi|>»?d  when  the  bftdy  is  at  Ay  and 
^.Oli,  ^4,0C  the  force  develnped  at  li  and  C,  reapec- 
tiT«ty.  Let  X  be  an  element  of  the  path  at  any  point, 
thfrh  the  work  done  in  moving  the  body  over  this 
dintance  at  If  will  be  f^ .  0/i .  A  ;  aud  at  (\  ^i.OCX;  the 
<iciin  being  ;i  .  (0J5-f- OC)A.  or  ;v,O^.A.  Now  this 
IB  eviibtntly  the  rtame  reKult  as  if  the  force  had  had  the 
cou^tHut  mean  vulun  i^i,OA;  since  in  that  case  the 
work  done  in  each  of  the  two  elements  would  have  been 
^$i .  OA  .  A,  ami  in  both  ^,  OA  .  A,  as  before.  •  For  all  the 
Alements  of  the  line,  SX  =  OA  ;  and  hence  the  whole 
energy  in  the  diaplaced  body  at  A  will  be  m  •  OA .  OA  or 
pt,[OAY;  which  is  proportioiuil  to  the  square  ol  l\ift 
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aiijplitude.    But  wlieu  a  body  is  tliU8  vibrating,  ite  total 
energy  is  constant,  being  the  sum  of  its  kinetic  and 
jK>teutial  energies  at  any  instant  ;  and  this  of  iH^orse  is 
equal  to  the  potential  energy  at  the  extreme  point  of  iti 
Hwingi  where  its  kinetic  energy  is  zero  ;  Le.,  is  eqtul  V> 
i/4.a*,  where   (t    is   the   amplitude.     In   the    case  of  a 
Koeuig    tuuin^-furk,   AVead   has   shown   experinientallj 
that  tlie  value  o(  i/i .  a\  the  potential  energy  when  the 
fork  18  bent  a  centimeters,  is  (^/Wa')/2/'  ergw  ;  in  which 
I  is  the  leugtli  tif  the  pi'ong,  //  its  breadth,  and  ri  its  tliick- 
nes8,  and  E  is  Young's  modidus.     For  Koenig*s  forks 
h  =  l"i  and  f/  =  0-(>5  rm.,  and  ^=2-14x  10"  C.G.S.  unita. 
Substituting  these  values,  the  value  of  the  energy  be- 
comes {liVii  X  10".  a')/Z*  ergs  ;  or  for  tlie  fork  67,,  giving 
128  double  vibrations  per  second,  the  energy^  value  is 
i  X  '23*94  X  10'.  a'  ergs  for  one  prong.     If  the  fork  give 
the  A  Iiarnionic  of  ?//,,  the  energy  for  both  prongs  will 
1>e  2394  X  10',  hi .  «'  ergs.     In  the  case  of  a  string  vibrat- 
ing transversely,  it  may  l>e  shown  that  the  niean  value 
f>f  the  stjuare  of  the  speed  of  vibration  is  i|4jra/7')*,  in 
which  a  in  the  half  amplitude  at  a  loop  and  7*  in  the 
]»eriod.     Hence  tlip  energy  or  ^ni/i*  is  m.{%na/Ty,     For 
each  of  the  two  moving  waves  composing  this  station 
ary  undulation,  and  moving  in  opposite  directions,  the 
energy  is  m,2{nn/T)*\  or  one  half  the  energy  of  the 
stationary  wave.     Tlie  :mme  reasoninf<  is  applicable  to 
longitudinal  vibrations.     In  the  case  of   the   air   in  au 
organ-pipe,   for   example,  the  energy  of   the    sonorous 
vibration  is  equal  to  the  mass  of  the  air  multiplied  bj 
{^na/Tft  where  2a  is  the  amplitude  at  a  loop. 


PART  THIRD. 
MOLECULAR  PHYSICS. 


CHAPTER  L 
MOLECULAE  KINETIC  ENERGY.— HEAT. 

SfcXTioN  L — Natire  of  Heat. 

258.  Definition  oC  Ueut. — Heat  way  be  ili^tined 
dtlier  as  a  Keusatiou  or  ns  the  objective  cause  of  a 
Hen-Hation.  In  pliysics  the  term  is  ^euerally  used  iu  the 
latter  ^tise  to  indicate  that  special  coudition  of  matter 
iu  virtue  of  which  it  can  affect  our  nerves  of  general 
Keiibatiou. 

250.  Ilbrtorlcal. — During   the    last    half-century   a 

radical  change  has  taken  phice  in  scientitic  opinion  con- 

c«!niiug  tlie  nature  of  heat.     Under  the  name  of  caloric, 

it  hiwi  l>een  regarded  as  a  species  of  matter,  although  of 

Hn  imponderable  kmd.     In  1798  and  171*9,  two  impor- 

^ot  experiments  were  made  ;    the  one  bv  Count  Rum- 

f'^nl,  the  other  by  Sir  Humi>hry  Davy.     Tlic   Uumford 

•*periment,  which  was  mode  iu  the   Mnuich  Arsenal 

^^'»si&UMl  in  boring  a  cannon  by  moans  of  n  blunt  drill, 

l^d  iu  proving  that  the  heat  generated  wan  practically 

^^^xbnnstible.     The  Davy  experiment,  which  was  made 

"'  the  Hiiyal  luatitntion  in  London,  cousiHted  in  melting 

**!>  ]>ieces  of  iie  by  rubbing  them  together  at  a  tempcr- 

*^re  below  the   melting-point.     From    his  experiment 

"oiiiford  drew  the  lejjjitimate  conclurtioii  tliat  "anything 

^•dch  any   insulated    body   or  system    of   bodies   cau 

*^^>Dtibue  to  furnish  without  limitation  cannot  possibly 

"*^  ft  material  substancG."     Since,  when  a  hotter  body  is 

VmHi(\  in  cdutiict  witli  a  colder  one,  there  is  a  positive 

'■"^h^fftr  of  heat  from  tlie  one  to  the  other,  it   is  obvious 

o«a 
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that  heat  xuust  be  an  actnally  existiug  quantity  capal)l# 
of  exact  measurement.  Ii»  the  above  example,  howeTer. 
heat  was  not  <>niy  pnnUuecl  by  friction,  but  it  wa* 
pr<»c!ucetl  imlefinitely.  The  mechiiuioal  work  which 
was  exj>enileil  disappeared  a«  such,  and  heat  upp<*Arwi 
in  its  place.  In  connequeuce  this  heat  can  be  considered 
only  as  the  increiised  energy  t»f  ii  system  upon  vhich 
\vf>rk  has  been  ex]»eude<l.  It  follows  therefore  that  lieal 
must  itself  be  energy',  either  in  the  kinetic  or  in  tbi? 
^Kjtential  form.  Moreover,  Rumford  went  still  farther 
and  succeeded  in  obtaining  a  quantitative  ri'lutiou 
between  the  work  done  and  the  heat  produced.  H« 
found  that  the  work  of  a  single  horse  for  two  hours  and 
twenty  nnuutes  was  capalilc  of  raising  to  the  boiling- 
point  nearly  nine  kilograms  of  water;  of  course  in 
addition  to  the  rise  in  temperature  produced  in  the 
metjil  which  was  immersed  in  it.  It  was  not.  liowever, 
until  alM>ut  the  year  1849,  when  Joule  made  his  elabonitt* 
and  conclusive  experiments  on  the  relation  of  mechauicjil 
work  to  lieat,  that  the  material  theory  of  heat  was  finallr 
overthrown. 

ExAMPLEii.— i>in(?o  onurgy  f^  indotilructibic,  its  disapi)earnTic«  in 
iiwii  form  must  \w  accoinparntti  by  its  reappearance  in  another.  The 
most  cominoM  form  itilo  whit-h  other  forms  of  energy  nre  conveftcd 
is  heat.  Intlet?<l,  prttlMibJy  no  ootiversioii  of  energ\'  from  ono  form 
into  uuother  takes  place  without  the  prmliiction  of  more  or  le^s  hcftt, 
awl  hencf?  heat  i«sometiino8  called  the  lowest  form  of  energy.  Wh*ti 
a  hammer  AtrikeH  die  anvil,  or  n  HHe-ball  the  larj^et,  the  kmrlic 
energy  in  hotb  is  ap{>arenily  destroyed.  Uul  if  the  exi>i*hmeol  be 
made  with  eare,  it  wdl  be  found  that  this  energy  has  simply  beeo 
transformed,  the  impinging  matvses  being  now  waniter  than  bofon*. 
The  sjinie  i.s  true  in  the  ea.se  of  friction,  which  from  ihts  standpoint 
IS  t>idy  the  gradual  arn^stof  motion.  In  short,  whenever  iiiechAnient 
energy  is  expended,  an  equivalent  beat-energy  appears. 

!;(50.    Hcnt  tlie  Enerity  of  Muleciilar  Motion.— Is 

heiit  energy  in  the  kinetic  or  in  the  potential  form? 
Davy  Haid  in  1812:  "The  immediate  cause  of  the  phe- 
nomenon of  heat,  then,  is  motion,  and  the  laws  of  it* 
eommuuiontion  nre  precisely  the  same  as  the  luws  of  the 
eommunicatiou  of  motion."    Thia  in  modern  language 
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equivalent     to    tlie    statenieut    that    heat    in   kiuetic 
erg\-  ;  not  evnlently  of  the  mass,  siuce  the  hot  body 

my  ho  ut  rest;  Imt  fif  the  woIeeuleM.  We  kuow  that 
le  of  the  ways*  iu  whirh  a  hot  htulv  cools  is  by  truus- 
rriug  its  energy  to  another  and  a  colder  body  not  in 

Dtitiiot  with  it ;  nud  we  Kliall  study  later  tlte  nieohanisni 

f    this   radiating'   j)rooes.H,     Oiio   thing  about  it  is  eer- 
however,  and  that  is  that  it  consists  in  a  motion  of 

be  intervening  mt^diuni.  The  h«>t  body  coinmunicateH 
utiou  to  the  medium,  and  the  cold  body  receives 
otion  from  thh*  medium.     We  conclude  therefore  that 

hf  surface  of  a  hot  boily  must  be  in  motion ;  and 
ecAUtto    radiation   may    tjike    place    as    well    from    the 

interior  of  a  bcnly  as  from  its  exterior,  we  also  conclude 
L^  the  body  must  be  in  motion  throughout  its  entire 
ThiH  view*  of  the  case  is  iu  entire  accord  with  the 
inc^tic  theory  of  niatter  already  discussed  (185),  which 
uppoHi^s  the  molecules  of  mutter  to  be  actively  in  motion. 
he  motion  to  w  hich  heat-energy  in  due  "  must  therefore 
motion  of  parts  too  tsinnll  to  be  observed  separately; 
motions  of  difl'erent  parts  at  the  same  instant  must 

N>  iu  different  directions;  and  the  motion  of  anyone 

>art  must,  at  least  in  solid  bodies,  be  such  that  however 
ist  it  moves  it  never  reaches  a  sensible  distance  from 
lie  point  from  which  it  started.*'     (Maxwell.) 

2ftl.  Temperature, — By  the  temi>eratnre  of  a  l)ody 

B  meant  simply  its  tlnn*mal  condition,  considered  with 
eference  to  its  capability  of  commuuiouting  heat  to 
tli^r  liodies.  If  two  bodies  be  placed  in  contact,  one 
f    thrtMj    results  must  follow  :    (w)  the   first   body  must 

wceive  more  heat  from  the  second  than  it  gives  to  it; 

/i)  it  must  give  more  heat  than  it  receives;  or  (r)  the 
mount  given  an<l  receive*!  must  be  equal.     In  the  first 

^afie,  the  tcn^^erature  of  the  second  Ix^dy  is  said  to  be 
gber  than  ttiat  of  the  first ;  in  the  second  case,  the 

brat  body  has  tlie  higher  temperature;  ami  in  the  third 

fciwe,  their  temperatures  are  equal.  Iu  accordance  with 
ho  kinetic  theory  of  heat,  however,  it  is  evident  that 
emperntnre  has  to  do  simply  with   the  speed  of   tlie 
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uiolecular  motiou  existiug  in  a  liody.  When  beat  u 
tnumferred  to  h  body,  its  temperature  is  raised  ;  i.e..  liir 
speed  aud  tberefi>re  tlie  energv'  i»f  its  molecular  u\<^\:iiy\i 
ife>  iuoreiui^d.  CouverKely,  an  heat  i&  withdrawn  froia  a 
l)i»dy  its  tcniperatnre  falln,  the  Hpt^ed  of  its  molecuLir 
motiou  decreaseH,  aud  its  kiuutic  molecular  energ}'  > 
dimiuisbecL  But  evidently  a  point  must  tinally  W 
reached  at  whicli  this  kinetic  energy  becomes  zeru  ami 
the  molecules  are  at  rest  This  point  is  called  tb 
absolute  zero  of  temperature. 

202.   Auiouul    ol'   ilent    cuiiceriiod     in    produdus 
Teiiiitvratiirc- clinii^^eH  in  a  Bu<ly. — The  amount  i>f  li«&t 
neccHsary  to  raise  the  tem|)eratnre  of  a  body  is  prrpor- 
tioual:  <l)to  the  number  of  molecules  which  it  cout^iius 
aud  (2)  to  the  increase  of  the  kinetic  energy  of  a  single 
molecule.     Hence  it  is  measured  by  the  product  nf  tltr 
temj.>erature-iucrease  by  tlie  miiss  of  the  bijdy.    In  order 
to  raise  a  doubled  mass  through  the  same  tem])eratiir^ 
range,  therefore,  a  doubled  amount  of  heat  is  required; 
and  to  raise  the  same  mass  through  a  doubled  t^iupcr- 
ture-range  a  doubled  amount  of  heat  is  also  required ; 
provided  of  course  that  the  same  substance  be  emplopd 
under  the  same  conditions.     Conversely,  the  amimnl  of 
heat  which  a  body  loses  in  cooling,  is  also  pruportimiHl 
to  the  product  of  its  mass  by  its  change  in  teraperatnra. 
The  totiil  amount  of  heat  contained  in  a  body  we  Lin*e 
no   means  of    knowing.     We   cau    measure   heat  only 
during  its  transference  or  transformation. 


hfeorioN  II,— Mkabithement  of  H£at. 


A, — THERMOMETRY. 


iff 


2fl3.  Mensurenient  of  Temperature. — Temporatn" 
cannot  be  measured  directly.  It  can  be  measured  only 
by  measuring  some  one  of  the  effects  produeed  by  heat, 
which,  other  things  being  equal,  is  projiortioual  to  the 
temperature.  Since  substances  eNpand  when  heat^^rl, 
expansion  is  such   an  eifect.      And   as  ox^iaiision  aud 
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teui|>erAture  g<i  bautl  iu  liAiul,  the  cue  may  be  empluyRtl 
io  measure  the  other.  An  iustrument  in  which  expau- 
sion  is  uiiuie  use  of  ff>r  (leteriniiiing  teiuperatures  is 
riillfd  n  thermometer;  (U*  a  pyrometer,  if  the  teini>f*ratnre8 
»re  Ligh. 

Air,  inercury,  iizid  alcohol  are  the  theriuoiiietru*  sub- 
fttanceK  orLlinarily  niade  use  of.  The  air-theruiometer 
hau  ^x^Ai  range  and  great  accuracy  and  iu  generally 
ttse<i  as  a  standard.  The  alcohol-thermometer  is  used 
only  for  very  low  temperatures.  The  mercurial  ther- 
mometer is  the  most  convenient  form  of  inntrument, 
aoil  is  therefore  commonly  employed.  It  consists  of  a 
capillary  glasK  tube  called  the  stem,  on  the  lower  end 
of  which  a  spherical  or  cylindrical  bulb  is  blown,  of  such 
&  size  that  the  expansion  of  the  mercury  it  contains^ 
between  the  limits  within  which  the  thermometer  is  to 
''P  nsed,  exactly  tills  the  stem,  When  thus  filK-d  with 
tueroury  the  upper  end  of  the  Htem  is  sealed,  u  siuuU 
•''lUrj^ement  of  the  bore  being  made  at  this  point.  In 
'»nh,r  that  the  indications  of  thermometers  thus  made 
^^y  be  comparable  with  one  another,  two  fixed  points 
**'  temjjerature  are  marked  upon  their  stoniH,  These 
*^^^A  points  are  the  melting  p()iiit  of  ice  and  the  boiling 
l^**iiit  of  water ;  wliich,  under  proper  couditionn,  repre- 
*^*it  the  same  temperatures  everywhere.  For  this  pur- 
P<^»SG  the  thermometer  is  first  surrounded  with  melting 
^^  and  Uie  p*)int  at  which  the  mercury'  stands  is  marked 
Jp^n  its  stem.  It  is  then  immersed  in  the  vapor  of 
"'^iliiig  water  and  the  height  of  the  mercury  is  again 
^**te<l.  The  sjjace  between  these  two  marks  is  divided 
^to  one  hundred  equal  parts,  and  the  divisions  are 
^'^^ntinaed  of  the  same  size  above  the  uj)per  and  lielow 
ihe  lower  point  so  as  to  include  the  whole  stem.  In 
^kv^niioueters  for  scientific  nse,  the  graduations  are 
et<?lj<»il  upon  the  glass.  The  lower  point  is  called  zero 
'*'**'  th<a  npper,  of  course,  one  hundred  ;  meaning  degrees 
'*'  '♦^uiperature.     Such   a  thermometrio  scale  is  oalled 


centigrade  scale.     Where  great  accurac}'  is  required, 
Ht^m  should  be  carefully  calibrated  ;  Le..  the  relative 
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vaiaes  of  iLe  divisioun  ou  tLo  stem  should  be  deler- 
niiut^d  uud  ttibulated.  Moreover,  the  readiugn  of  sucL 
a  thermometer  shoiihl  he  compared  either  with  tliow 
of  a  standard  instruineut,  or  better,  with  those  of  llw 
4ur-thermi)iueter  direct! v. 

Thermometers  are  said  to  be  accurate  wheu  thev  indi- 
cate the  true  temperature.  This  end  is  HertinMi  bj 
careful  coustrnctinn  n7ul  compariHou.  Tliej  are  sjiid  Ui 
be  delicate  wheu  tlioy  indicate  very  small  diilerencett  o! 
temperaturt^ ;  Ha}^  from  the  tenth  to  the  one  huiidredtli 
of  a  dej^rf^e.  They  are  called  sensitive  wheu  their  iuih"- 
catiouH  are  prompt  Delicacy  iu  a  thermometer  depeml* 
upon  the  ratio  of  the  volume  of  the  bulb  to  the  size  nf 
the  tube.  If  the  bulb  be  large  and  tlie  tube  Hinall,a 
minute  change  of  temperature  will  cauHe  the  column  t<» 
rise  through  au  appreciable  distance.  Sensitiveness 
depeuils  upon  the  surface-area  of  the  bulb.  In  civrii 
the  bulh  is  spherical,  the  sensitiveness  is  a  miuimuuj, 
ftiuce,  for  the  same  volume,  the  surface  of  the  sphere  \a 
a  minimum.  In  gpueral,  therefore,  thermoniettM'-lmilw 
are  made  cylindrical ;  the  cylinder  in  the  ease  of  mel»*or. 
ological  instruments  being  very  long  and  either  coiled 
into  a  spiral  or  bent  into  a  zigzag. 

The  zero  point  of  thermometers  is  liable  to  change, 
orbing  to  the  slow  contraction  of  the  glass  forming  Ihff 
bulb.     If,  after  the  boiling  {>oiut  has  been  tixed,  tbe 
thermomett:;!"  be  again  placed  in  melting  ice,  the  rea*!- 
ing  may  be  too  low  by  a  tenth  of  a  degree  or  uiore.    Is 
the  cours**  of  a  week   or  two,  this  effect  disappear?. 
There  is  a  second  one,  however,  similar  in  character, 
but  much  slower  iii  disappearing.     If  the  thermometer 
be  graduated  soon  after  it  is  tilled,  a  continuous  div 
placement  of   the   zero   point  goes   on,  sometimes  for 
years;   so  that  the  reading  in  melting  ice  may  l>e  too 
high  eventually  by  as  much  as  an  entire  degree.     Hence, 
thermometers   intended  to  be  accurate   .should  not  b« 
graduated  until  some  months  or  eveu  years  after  ther 
have  been  HllecL 


t24(4.  Hrg-iht^^rint^  Tli«*riiionit»ters, — By   jihuuu^    the 
Siteni  i>f  a  thermoitietpr  Ijcliiiul  im  illmniuateil  slit,  so 
^hai  the  rine  aud  fall  of  the  colnruu  varies  the  leiigth 
*pi  tlie  slit  ilirou-^Ii  whicli  tlio  li^Iit  paHses,  auil  tlieu  by 
aIIuwiu^  tliis  varyiug  line  of  light  t<>  fall  ou  a  strij*  of 
3»liniograplnc  paj^er  moving  perpeuilicularly  Ui  it,  the 
-THriatious  of  tlie  thpi'mometric  heit^'Iit  may  he  coiitinu- 
ouslr  ii'gistereJ.     If  a  laerciiry-thenuoiiieter  liave   itn 
Bt4>m  horizontal,  and   a  bit  of  Ktenl  wire  bo  ]>laced  iu 
frrtut  of  the  colnmn,  the  wire  will  be  pushed  forward  by 
the   expanBion,  aud  will   indicate   by  itH    position    the 
luaximiiiu  temperature  reached.     A  miuimum  thermom- 
eter in  similar  except  that  it  is  made  with  alcohol  and 
has  a  bit  of  ghiss  rod  within  the  liquid,  whirh  is  drawn 
Wckirard  as  this  liquid  contracts  aud  is  left  iu  the  miui- 
mum  position. 

&. — CALORIMETRY. 

2<K'S.  >foasiireiiK'iit  *►!'  Ilvat. — The  process  of  meus- 
iiriug  ht^atis  calh'd  calorioietry,  auti  the  insiiuuH'ntsusetl 
lor  th^  purpose  are  called  calorimeters.  As  we  liave  just 
jieeu,  heat  can  be  measured  only  duiing  its  transfer  from 
im#?  body  to  another  ;  the  annmnt  of  heat  required  to 
THiHv  the  tem])erature  of  a  given  luidy  through  a  given 
utiniber  of  degrees  being  proportional  to  the  conjoint 
pr<Hlact  of  its  ntass  anil  of  tije  temperaturecliauge.  On 
fompariiig  different  substances,  however,  we  tiutl  that 
Iher  JiTo  very  differently  heated  or  cooled  by  the  same 
liirrement  or  deiU*euiont  of  heat  even  when  their  masses 
;ire  the  same.  That  amount  of  heat  which  will  raise  the 
It^uiperature  of  one  gram  of  water  one  degree  will  raise 
that  of  the  samt!  mass  of  ice  two  degrees,  of  irou  ten  de- 
Krei?s,  of  feilvor  twenty  degrees,  and  of  mercury  tliirty 
degreoH. 

!filSII,  Vnlt  *>r  Hrat. — It  is  therefore  ueceHsary  to 
A|jn^  upon  a  particular  subntauce,  such  that  the  amount 
of  heat  required  to  raise  unit  mass  of  it  through  unit 
t«)iuperatiiro  shall  be  called  unity.     Such  a  substance  is 
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urater.  It  is  readily  obtained  pare,  aud  it  reij^airM  a 
greuter  nmonut  of  beat  tliau  any  other  Bulmtaiicft  U)  pro- 
duce iu  it  a  giveu  temperuture-<:liange.  In  definn  j  **: 
unitof  hunt,  liowover,  tho  limits  of  temperature  im.-:  i 
specified  ;  siuce  tlie  aranunt  of  beat  required  toraiwtk 
ti>mperature  of  nuit  muHH  of  water  one  de^^ree  iucreasM 
\vitli  the  tempfirature.  A  imit  of  heat  is  ther^fonj 
defined  as  the  amount  of  heat  required  to  raise  ih 
tem])ei'ature  of  unit  maHs  of  water  uue  decree  be. 
twecD  0°  and  4^  If  the  gram  be  taken  as  tbe  unituf 
mass,  the  (luantitj  of  heat  required  to  raise  one  grato"! 
water  one  ib^gree  iu  temperature,  between  tbe  linufcO* 
Aud  4^,  in  the  npecial  unit  of  heat  called  a  Bmall  calory 
or  a  therm.     It  is  a  water-^ram-dej^ree. 

207.  Cupuclty  for  lIcnt.~Hi»e(*iftc  Heat* — Tbe  term 
"  capacity  for  heat "  or  "  thermal  capacity  "  expresseH  ih 
Bame  idea  with  reference  to  a  body  that  "specific  hwit" 
does  with  regard  to  a  substance.     Tbe  thermal  cajmcitT 
of  a  body  i^i  simj^ly  -thn   amount  of   he^t|  jjxjireHsed  iu 
units  of  hoat^whicli  is  required  to  raise  tbe  temperutur? 
of  that  body  one  degree.     Thus  if  it  takes  half  a  unit  d 
heat  to  raitse  tbe  t«mperature  of  the  given  bodv  one  de- 
gree, its  capacity  for  beat  is  8ai<l  to  be  0*5.     AVlien  we 
»peak  of  the  heat-change  of  a  substance,  liowever*  tlirn 
vre  must  limit  its  miuss.     The  specific  heat  of  a  substance 
is  definpfl  .'i^  that  fraction  of  a  unit  of  beat  whifli  is  ip- 
quirt'il  to  mist-  tbe  tenqieraturo  t»f  unit  mass  of  tbiit  sub- 
stance one  degree.      Eviilentiy,  tbi^r«fore,  the   specific 
heat  of  a  substance  is  simply  the  tliermal  capacity  of 
unit   mass  of  that  substance.     We  should  also  dijitiu- 
guish   between  the   mean   or   average   specific   Leal  of 
a  substancB  aud  its  actual  specific  heat.     The    forraei 
is  the  average  valtu*  between  two  given  temp'^rature^; 
anil  is  the  quotient   of  the   number  of  uuiUs  of  beat 
required  to  raist^  unit  mass  of  tbe  anbstaucp  from  the 
lower  to  the  higher  tem])erature,  divided  by  tlie  number 
of  degrees  representing  tbe  temperature-change.     The 
latter,  wldoh  is  the  actual  vahie  for  n  particular  temper- 
ature, is  the  liuiitiug  value  ol  ih«  xu^fku  ^v^.i^ific  heat  na 
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'  '         .  ratiiro  iw  iiulefinitely  reduc»*il.     Siuce 
-  witli   teiupeiature,  tlie  menu  aud  the 
ActQul  thermal  capiicitieH  per  unit  of  mass  have  not  in 
gtuiiM'ut  the  Hame  value. 

The  t(»lal  (|uautitv  of  heat  which  i^  couuerued  iu  a 
leuiperatiiTe-chanpe,  therefore,  is  a  function  not  only  of 
tbi*  mass  atid  of  thi^  extent  of  the  tpni]»eratiire-ehauge, 
lint  rtUo  of  the  particular  sub-Htance  oniployeil  in  the  ex- 
;  riinenL  Hence  if  we  represent  the  mass  by  WJ,  the 
T  rature-change  by  ^  «iul  the  mean  Hj)ecific  heat  b}' 
iiiitiunt  of  heat  required  to  chanj,^e  the  teuiperature 
cj(  m  units  of  lua^is  of  a  hubstanre  whose  specitic  heat  in 
r  thronph  i  deprees,  is  md  units  of  heat. 

208.  CuloriiiiHrii-uI  3IetlKi(N. — Three  f^eneral  meth- 
ods of  ealorimelry  are  made  us»-  of  in  prat'tice.  These 
are  known  as  (1)  the  method  of  co(»linf^,  ('2)  the  method 
of  nirltin(»  i<M%  and  (3)  the  nictliod  of  mixtures. 

L  The  method  of  cooling  dejiendn  upon  tlie  fart  that 
the  rale  at  which  Ji  Imt  body  lones  heat  by  radijitiou  is 
»  function  of  itH  temperature  nn<l  of  tlie  nature  of  its  sur- 
frtceouly.  If,  for  example,  n  thin  eop])er  vewHel  be  tilled  to 
till*  same  point  In  8ucce8sive  experiments  with  different 
liijntd^  all  at  the  same  temperature  (either  above  or 
that  of  Hurrouuding  id»jeetHU  tlie  tpiantity  i»f  In'iit 
to  or  from  this  vessel  during'  the  sanu'  interval 
time  will  be  pret'inely  the  same  in  all  the  experimeutB. 
Bnt  ^iriet^  the  atuouiit  of  heat  thus  gained  or  lost  per 
lUiit  of  time  is  tlie  »»ime  for  all  at  the  same  temperature, 
it  ifi  nrifleut  that  those  liquids  which  have  the  higlient 
ific  heat,  i.e.,  those  which  give  up  or  take  in  most 
1  for  a  given  temperature-ohaiige,  will  cool  or  heut 
leaat  *  rapidly.  Iu  pnuitiee  the  c-opper  vessel  is  sus- 
|>e  '  '  V  nilk  threads  iu  a  seoond  and  larger  one  whicdi 
is*  . '  -■  d  iu  water  and  is  kept  at  a  eoustaut  temper- 

Ature.  A«  a  preliminary  experiment  thi^  inner  vessel  is 
filled  with  hot  water,  say  at  W  uv  70"*.  Suppose  that 
it  htjlds  IfK)  grnmn.  A  thermometer  is  phicetl  in  the 
water,  and  for  each  degree  that  it  falls  iu  tem(x*rature, 
100  anitv  of  henl  fmtter-gratu-dofi^reiiH)  have  ot  L'ouvse 
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)>eeu  loHt  by  the  water.  Note  the  time  reqnired  forracli 
degree  of  teiuperatiire-fiill.  The  iuuer  veRsel  in  uuf 
tilled  t<i  thi^  HJiiiie  ](^vel  with  the  liquid  whf>se  spoclfir 
lieat  we  desir«>,  alr^^utly  heated  tn  tlie  sunie  temperature 
us  the  water  iii  the  lust  t^xperiinent.  It  is  theu  alluved 
to  cool  iu  the  Hume  v^ay,  heiiig  coiistuutlj  stirred;  itud 
the  successive  iutervols  of  time  required  for  it  to  cool 
tlirougli  each  succesHive  degi'eeof  temperature  areacrti- 
rutely  unted.  If  T  aud  7"  be  these  tiine-iutervals  fur 
equivalent  degreeK  iii  the  ciwe  of  tlie  water  aiiJ  nf 
the  liquid,  theu  l/T  and  1/7"  will  be  the  fall  of  temper- 
liture  per  uuit  of  tiiiie ;  i.e.,  the  rate  at  which  ht^atfti- 
capeH  in  the  two  canes.  But  this  rate  of  coollug  at  tlie 
Kanie  temperature  is  n>ustaut  for  botli  liquids  under 
these  conditions  ;  and  heuce  1/ T  =  1/7".  li  t' he  the 
vo]ume  of  liquid  employed  and  c^  it»  Hpecitic  heat  |)er 
unit  of  volume,  the  heat  change  correapondiny  to  thin 
fall  of  I^  iu  temperature  is  vt\, ;  and  lience  since  ihc  vol- 
ume was  the  same  iu  the  two  exi>enmeut8,  and  r  in  ibe 
case  of  water  is  unity.  l/T=c„/T\  or  r..  =  T'/T;  i.e.. 
the  specific  lieat  j>er  unit  volume  is  proportional  to  tbe 
times  of  cooling.  Since  vc„  =  mc^,  both  representing  tlu) 
thermal  caj)a*Mty  of  the  given  body,  c^  =  vc,./m  or  r^=^ 
fV  /  <y.  Whence  the  specific  heat  j>er  uuit  mass  is  oV 
taiued  by  dividing  the  specific  heat  per  unit  volume  liy 
tlie  density.  Evidently  it  may  also  be  determined  ili 
rectly. 

Example.— Let  th«  liquid  l»*  aloohul  of  density  %B,  and  suppoK 
that  thr  100  cubic,  wntitmilers  of  it  cool  tlivongh  fi*  in  2*4  niinultt, 
the  banic  volunu-  of  uati-r  inquiring  livf  niiniilts  lo  cw»l  5'.  Tin? 
(ntal  heat  lost  hy  thi'  waicr  jM^r  degivp  of  (^»oling  is  the  ]>nKJi*i'^ 
of  its  \olumt?  I)y  its  s|wirio  liwit.  or  ?v-p :  ! lint  lost  by  ilw  alw 
bol  being  v'',/.  Since  tlu^so  hcHt-liissrs  »re  |irci|H>rtional  l^  th* 
times  of  cooling,  iho  tomiwrftiiiro-otmiim*  Iwitig  ihc  tiamo.  vo  twivr 
ncn  :  v'cv' : :  IS  :  24.  But  tho  vohintcs  are  iH^ual  and  c„  is  uuity: 
whence  c^'  =  2-4/5  or  0*48,  tb»»  llM»rmftl  capncily  |»er  nnil  volnroefti 
aloobol.  Dividing  1bit$  by  tbe  di'iisity  08,  we  have  0*6  for  the  tK**'* 
mal  capacity  i>cr  unit  ruusA.  Again.  »ince  llio  nias.s  nf  ib^  101)  frc, 
of  ulcobol  ift  8<»  grams,  we  have  by  the  aliovp  rcjL«;o»ing  mm- 
tu'r^'  :  :  r>  :  2-4  ;  wlK-noe  400r„'  =  340  an<i  r^'  =  OG.  rbe  thol^ 
VHfmvUy  of  nntt  nnifi^^,  or  ihu  s\)^\t\c  \\v>'.\\  tA  \Vw  -hVcH^Unl.  ics  iM*r(i^| 
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Oertaiu  correctious  are  uecessary,  jls  will  l>e  neeu 
ftsently.  The  iiietbod  is  readily  applicable  to  liquids 
tl  to  r>oHdK  which  CHU  be  placed  in  liquids  for  the  ex- 
rinieiit  The  liquid  should  be  kept  >vell  agitated  aud 
>ald  \ye  protected  from  evaporation. 
II.  The  method  of  melting  ice  whs  pro])ospd  by  AVilke. 
priucipleit  depends  ou  the  fact  that  bO-()'25  heat-units 
\  required  to  convert  one  unit  of  mans  of  ice  at  0^  into 
ler  at  0°  (Buuseu).  If,  therefore,  a  hot  body  be 
ide  to  ^ive  up  it&  heat  to  ice  at  its  melting  point,  and 
the  amount  of  ice  melted  be  measured,  the  heat  lost 
tl»e  body  may  be  asi-prtiuned.  In  his  i»n{^dnal  exper- 
entH,  Wilke  used  a  block  of  ice  hollowed  out  to  ro- 
ve the  lutt  body,  and  closed  with  an  ice  lid.  The 
nU*  wan  heated  to  a  known  temperature,  placed  iu  the 
vilv  and  allowed  to  remain  until  its  temperature  fell 
'  saro.  By  a  tared  apouge  the  mass  of  the  water 
sited  was  found  ;  suppose  it  to  be  m  grams.  If  M  be 
«  laatsH  of  the  body,  r„  its  thermal  capacity  })er  unit 
law,  aud  t  the  temperature-change — it  having  been 
l*M  from  t  to  zero — iheu  the  heat  lost  by  the  body  is 
bj  ;  and  this  has  melted  m  grams  of  ice,  each  requir- 
;  80*025  heat-utiits  for  this  purpose.  But  since  the 
II  and  loss  must  be  equal*  we  have  McJ  —  80'025wi. 
ii'^ncec^  =  80*t>25t«/iW,  the  specific  heat  per  unit  mass. 
Hince  it  is  not  easy  always  to  obtain  a  siugle  block  of 
\  Rtiitable  for  this  method,  Lavoisier  and  Laplace  de- 
1^  a  ro«Mlified  form  of  ice-calorimeter,  with  which 
Sj  obtained  good  results.  It  consists  of  an  outer 
liTidrical  vessel  containing  ice  in  order  to  protect  tho 
Ujritueter  proper  from  the  access  of  heat  from  with- 
ti  The  calorimeter  itself  is  also  a  cylinder  filled  with 
^t  within  which  is  a  smaller  vessel  to  contain  the  sub- 
imoe  nsed.  This  substance  is  heated  to  a  known 
hiperatnre,  and  placed  in  the  calorimeter.  The  ice 
*'Utd  by  the  heat  which  it  gives  out  in  cooling  is  de- 
tained by  weighing  the  water  drawn  off  from  the 
ffcriiaeter  by  a  special  tjip  The  calculation  is  mn*!*'- 
thr  Hnin»"  wav  as  in  thf  )Ht^i  ciifiP. 
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A  valuable  uiodLQcatiou  of  the  ice-caloriiueter  wm 
made  by  Buiiseu  iu  187L    The  iDstrumout  is  of  moder- 
ate tiize  aud  Im  mudeeatirelvofgiMB 
(Fif^.   99).     A   tube   a   opeit   at  top 
serves  to  receive  the  material  to  W 
^\^      /    \       experiuieuted    upon.     Tid»  tul)etii 
'*  o  enclosed    by   a   second    ami    larp^r 

tiibe  h  entiicly  filled  bel- 
mercury  and  above  T^ith  i...i:uj 
boiled  water,  and  provided  witL  a 
lateral  tube  c  comiUR  up  from  thft 
bottom  and  terminating  in  a  cApil' 
lary  tube  used  for  tlie  purpose  d 
measuring,  by  the  movement  of  the 
mercury  column  within  it,  the  cliAnge 
of  volume  which  takeH  })lace  ia  i^ 
instrument.  After  the  water  iuUu 
calorimeter  has  been  frozen  and  the  entire  instruiueoi 
has  been  brought  to  zero  by  immersion  in  meUingic^ 
the  heated  substance  is  dropped  into  the  open  lnb«^ 
which  t»f  course  conta-Lus  watur  at  0^  The  heat  give» 
up  by  the  substance  in  cooliuK  melts  some  of  th**  bqi* 
rouniliug  ice  in  the  body  of  the  instrument;  ami  siuce 
wat«r  occupies  less  volnnie  than  the  ice,  the  contractanu 
becomes  e^ndent  by  the  motion  of  the  mercury  iu 
capillary  tube.  By  proper  calibration,  the  uctual  tliminu 
tiou  of  volume  thus  resulting  is  determinevl,  and  tht»iio^ 
the  amount  of  ice  melted.  More  recentl3'  the  ca]>illArj 
tube  rf,  instead  of  being  horizontal,  is  vertical  as  shovn 
in  the  figure.  The  iustrunieut  is  brouglit  to  zero  wi 
the  end  of  this  capillary  tube  dipj»iug  beneath  morcun 
in  a  small  dish,  and  the  dish  is  weighed  and  replaced 
After  the  substance  has  been  dropped  in,  and  the  whole 
is  again  ui  equilibrium,  the  dish  is  again  weighed.  Tbi 
difference  divided  by  the  density  of  mercury  representi 
the  contraction  iu  volume.  With  this  apparatus,  Buu* 
sen  has  determined  the  specific  heats  of  many  of  tb4 
rarer  elements. 

m.  The  method  of  mixturei  is  perhaps  more  employee 
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an  Aiij  other  for  measuriug  tbo  amount  of  beat  cod- 
rued  in  teiupprutnro-chaugt»s.  It«  priueiple  is,  brt)ad]3', 
uit  wheu  two  or  more  boclieB  are  placed  iu  contact  or 
ire  mixed  together,  an  excbniige  of  heat  goes  on  l>e- 
ef»u  tliem  wbicli  results  in  tbe  production  of  a  final 
mituun  temperature,  depending  alone  upon  tbe  teaijior- 
turea,  maHnes,  and  Bpecilic  heats  of  the  bodies  employed, 
f,  fnr  example,  500  grams  of  water  at  100"  be  niLxed 
ritli  50O  graniM  of  water  at  0%  there  will  evidently  be 
OIK)  grams  of  water  at  50**.  If,  however,  20  grams  at 
Ml*"  lie  mixed  with  100  grams  at  W^,  cahnilatiou  shows 
that  tlie  residting  120  grams  of  water  will  Jiave  a  temper- 
Uure  of  nearly  17°.  And  further,  if  100  grams  of  water 
UO'  be  mixed  with  100  grams  of  mercury  at  100^,  there 
Ml)  result  200  grams  of  tbe  mixture  at  a  temperature  of 
■2\  In  general,  if  vi  grams  of  one  substance,  of  specific 
leal  r,  be  mixed  with  in*  grams  of  atintlier  substance,  of 
ll*citic  heat  c',  then  inc  and  m'c  will  represent  the  ther- 
ttirtl  c)ipiM.'ilies  of  tbe  two  ;  i.e.,  the  number  of  heat-units 
required  to  raise  these  masses  one  degree.  As  this 
trotloct  represents  also  the  number  of  grams  of  water 
^bicb  would  be  heated  fme  degree  by  tbis  number  of 
'<^«l-muts,  it  is  often  called  the  water-equivalent  <>f  tbe 
*M«  ui  question.  Suppose  now  the  tirst  mass  l>e  heated 
I*'  7*,  and  be  then  mixed  with  tbe  second  mass  at  f^. 
Tliflfitrmer  will  lie  cooled  and  the  bittt^r  will  be  heated, 
SU  W)me  couimDii  temperature,  ^say.  is  reached.  The  hot 
■'f*«ly  will  have  been  cooled  tbrough  ( T  —  if)  degrees,  the 
>^^Iilbody  Avill  have  beeubeated  tlirougb  (6^  ~  t)  <lt»grees  ; 
*tt(ltlie  t<^itjil  beat-change  mil  be  iu  the  case  of  the  former 
""(7*—  ^  uuit«,  and  iu  the  case  of  the  latter  m'c'{(i  —  i) 
^Wtfl.  But  since  the  loss  on  tbe  one  side  is  obviously 
*<ltt4l  to  the  gain  on  the  other,  provided,  of  coiirse,  that 
nuli^at  has  entered  the  apparatus  or  has  escaped  from 
it,  we  m%j  equate  thene  values;  and  we  have 


MT^^^ni'c\e-t);  whence  fr  =  !?i^ ±-!"^ ,  [40] 
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by  which  formula  the  I'esulting  temperature  mayalwaji 
be  calculated.  Evidently  c  and  c'  represent  the  tneu 
Bpeciiic  heatH  of  the  Hub^tauces  between  the  limits  of 
temperature  stated. 

To  employ  the  method  of  mixtures  for  the  ineafinre- 
meut  of  specific  heats,  a  known  mass  of  the  subht&noi 
w^hose  specific  heat  is  required  is  heated  to  a  known 
temperature — say  to  100°,  in  the  vapor  of  boiling  water 
— and  is  then  placed  in  a  known  mass  of  water,  say  at 
10°.  The  water  is  contained  in  a  suitable  caloriuiettr 
— a  thin  copper  vessel,  preferably  polished  ejcteriorh, 
suspended  by  nou-conductiug  supports  in  a  secoml  ves- 
sel polished  on  its  interior  surface.  The  temperature  iif 
the  water  is  equalized  by  means  of  a  stirrer  and  is  uoted 
by  a  tiiermometer  as  soon  as  it  ceases  to  rise.     From 

the  equation  just  given  we  get  c  =  — .  ,„  _  ^  , 

true  whatever  the  snbstauces  employed.  In  the  a 
case,  water  is  used  and  c'  is  unity.  The  specific  heat  of 
the  substance  is  obtained  therefore  simply  by  dividinj; 
the  product  of  the  water-mass  into  its  tempernture- 
chauge»  by  the  product  of  the  substance-mass  into  iU 
temperature-change. 

A  portion  of  the  heat  lost  by  the  hot  body,  however, 
has  been  expended  in  raising   the  temperature  of  the 
containing  vessel,  of  the  thermometer,  and  of  the  stirreri 
and  this  must  be  allowed  for.     If  m"  be  the  mass  ami  c" 
the  specific  heat  of  the  vessel,  «i"'  and  c'"  the  same  quan- 
tities for  the  thermometer  taken  as  a  whole,  and  m"^' 
and  c""  the  mass  and  specific  heat  of  the  stirrer,  then 
as  the  total  heat  lost  is  divided  among  these  }>odieSv  it 
must  evidently  be  the  sum  of  the  losses  to  each ;  and 
hence  we  have 

w»c(  r  -  0)  =  (mV  4  m"fl"  +  m' V"  +  m"  "c""  +  cicXO  -  <>.      [41] 

The  sum  in  brackets  is  simply  the  total  water-equivalent 
of  the  calorimeter.  In  case  the  substance  experimented 
on  is  a  liquid,  so  that  a  containing  vessel  is  made 


{,  iLe  first  member  of  the  equation  will  require  au  ncl- 
iiioual  term  to  represeut  the  Leat  lost  by  this  vessel. 

C — BPECinC   HEATS. 

200.  Table  of  Speciflc  Uvut». — By  some  one  of  the 
Dethods  DOW  describexl  the  mean  specitio  heats  given  in 
he  following  table  have  been  obtained.  The  values 
Bpreseiit  the  fractions  of  a  heat-unit  required  to  raise 
he  temperature  of  unit  mass  of  the  substance  tlirough 
me  degree  between  the  limits  of  temperature  given  in 
be  aecoud  column. 
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1.  Sfboifio  Heatb  of  Solids. 


Sabstancc. 

Alnmmum 

Bromine 

Bismnth 

Bniss 

Carbon  (wood-charcoal) 

Copper 

Ice 

Iron 

Lead 

Moroury 

Pbitinnm 

KiWer  

Zinc 


TcnipemUirf. 

15°  to       97^ 

-  78'  to  -  20" 

9*^  to     102^ 

15°  to       98° 

0'  to       90° 

15°  to     100° 

to  -  20° 

50" 

to 

to 

to 

to 

to 


0° 

19" 

78^ 

0° 

0° 

0° 


48° 

-40° 

100° 

100° 

100° 


specific  ITeat. 
0-2122 
0-0843 
0-0298 
0-0858 
01935 
0*0933 
0-5040 
01124 
0-0315 
00319 
0-0323 
00559 
0-0935 


3.  Spfxttpic  ITkatb  op  LiQinos. 


Alcohol 

Bromine 

Chloroform 

Carbon  disnlphide .... 
Ethvl  etJier 

id 

nrcuiy 

'pentine 

Aii  an  example  of  the  use  of  these  tables,  it  may  bo  ob- 
»rve<l  that  the  amount  of  heat  which  would  raise  a  maoa 


0° 
13° 

0° 
0° 
0" 
350° 
17° 
0° 


to 
to 
to 
to 
to 
to 
to 
to 


40° 
45° 
30° 
30° 
30° 
450° 
48° 
40"^ 


0-5977 
0-1071 
0-2339 
0-2376 
0-5379 
00402 
00:^35 
0-4322 
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of  wiiter  from  0^  to  100°  would  raise  the  aame 
iron  from  0"*  to  9(W  ;  or  to  a  bright  red  boat  It  shotJd 
nlao  be  uotod  that  the  speuitic  heat  is  less  in  the  st>liil 
than  in  the  licjuid  stale,  for  the  sumi?  substauue.  l\*Ater 
for  example,  has  the  specific  heat  1*000,  ice  the  specific 
heat  O'oOiO.  Liquid  bromine  has  the  specific  heM 
0-1071.  Holid  bromine  00843.  The  specific  heat  of 
liquid  lead  is  0-0402,  and  of  solid  lead  0*0315.  That  d 
liquid  mercury  in  0*0335,  and  that  of  solid  mercoijis 
00319. 

270.  Variation  of  Specific  Kcat  with  Temprm- 
tiire. — While  in  general  the  mean  specific  boat  of  solid* 
as  well  as  of  liquids  increases  with  the  temperature,  the 
rate  of  increase  is  greater  with  liquids.  The  following 
tables  show  the  character  of  this  increase  for  platinum 
and  for  water ; 


PLATINUM  (PooiLurr). 
Temperature         Mean  Specific. 
LiutiU.                      Hcnl. 

WATER  (  Reonault  I 
Tempernture          MeftQ  Spril 
LimiU.                    Ueit?) 

O^^and    100^ 

00335 

0°   and    40^ 

1CXH8 

O'^aud    300^ 

0-0343 

0"  and    80° 

1-0035 

O^and    500" 

0-0352 

0**  and  120** 

1-O067 

O'^and    700' 

0'03(>0 

0^   and  160° 

I-OIOO 

0°  and  1000" 

0-0373 

0°  and  200° 

1-OltiO 

O'^  and  1200° 

0-0382 

0°   and  230'' 

I'O-JOl 

This  relation  maj  be  put  in  another  form.    Accords 
ing  to  Keguaiilt,  the  number  of  units  of  heat  /f  required 


to  raise  a  given  mass   of  water 
sented  by  the  equation 


from  0°  to  f^  18  repr& 


ir=t+  000002^  +  0'0000003i«. 


E<S 


Hence  the  mean  thermal  capacity  of  this  mass  of  wateJ 
between  0°  and  t°,  being  the  quantity  of  heat  divided  bj; 
the  temperature-change,  is 

H/t=l'\-  000002«  +  00000003/'. 
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And  the  actual  thermal  capacity  at  f%  which  is  the 
limiting  value  of  the  menu  thermal  capacity  as  the  tem- 
perature-change is  made  smaller,  is 


D,H  =1-1-  0-000(M<  +  0*0000009r. 


[43] 


By  means  of  this  formula  the  actual  specific  heat  of 
water  at  any  temperature  may  be  calculated. 

Bowlaud,  however,  han  shown  that,  beginning  at 
about  5°,  the  specitie  heat  of  water  decreases  slowly  us 
the  temperature  rises,  reachiug  a  minimum  at  about  29° 
and  then  slowly  increasing  again. 

S71.  Vsc  of  the  Calorimeter  iu  nic^uMurhig  Tempera- 
tures*— By  transposing  the  specific  heat  formula  already 
l^veu  we  may  obtain  from  it  the  value  of  T,  thus  ; 


mc 


[44] 


Suppose  a  platinum  cylinder  whose  mass  is  200  grams 
to  be  heated  in  a  furnace  aud  t<^  be  placed  iu  a  calorim- 
eter contaiuing  1000  grams  of  water  at  13°,  and  snppoMe 
further  that  the  temperature  of  the  water  rises  to  20**. 
Assuming  0*0373  for  the  specific  lieat  of  platiuum^  aud 
aubstituling  numerical  values  iu  the  above  formula,  we 
Lave  958^  as  the  tempinature  of  the  furnace.  The  cal- 
culation may  be  simplified  by  taking  a  mass  of  metal 
anoh  that  the  ratio  of  m'  to  vie  may  be  a  round  number, 
say  100;  i.o.,  2r»8*l  grama  of  platiiinm. 

S72.  Atomic  aii<l  Molecular  Heats. —In  1819  Dulong 
and  Petit  measured  the  specific  heat  of  thirty  of  the  ole- 
ments  and  observed  that  when  these  specific  lieats  are 
multiplied  b}'  the  atomic  masses  of  these  elements,  the 
products,  called  the  atomic  heats,  arc  very  nearly  con- 
stant and  are  approximately  6'4.  It  follows,  therefore, 
that  the  specific  heat  of  an  element  is  inversely  as  its 
atomic  mass.  But,  as  we  have  seen,  the  product  of  an 
atomic  mass  by  the  specific  heat  is  tlie  thermal  capacity 
of  the   atom.      Hence    the   law   of    Dulong   aud    P*'iitr 
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expresseH  fiiniply  the  fact  that  the  thermal  capacity  ot 
all  elementary  atoms — or  perhaps  better,  elementirj 
molecules — is  the  same.  The  obserred  variations  from 
the  hiw  are  such,  for  the  most  part,  aa  can  readily  Iv 
accounted  for  by  the  differences  iu  the  condition  of  the 
elements  used,  or  of  the  temperatures  at  which  the 
specific  heats  are  measured. 

Neumann  has  enunciated  a  similar  law  for  mri 
pounds.  He  finds  that  for  compound  bodies  havici:  > 
similar  chemical  composition  and  an  analogoua  conMi::i 
tion,  the  same  constant  represents  the  product  of  tli. 
specific  heat  and  the  molecular  mass.  Subsequebliy 
Woestyn  showed  that  the  elements  retain  their  E])ecilic 
heats  unaltered  when  they  ei»ter  into  combinatioti,  and 
that  consequently  the  molecular  heat  of  a  compouxid 
body  is  the  sum  of  the  atomic  heats  of  its  constitaeDt 
elements. 

278.  Specific  Heat  of  Coses.— The  quantity  of  Lr.it 
required  to  raise  a  given  mass  of  gas  through  a  given  tt^m- 
perature  is  greater,  for  reasons  to  be  discussed  lat«?r,  when 
tbe  gas  is  allowed  to  expand  than  when  its  volum*^  Ifc 
preserved  constant  Hence  gases  have  two  8])ecific  heats: 
one  when  the  pressure  is  constant  and  the  volume  v»iriea: 
the  other  when  tlte  volume  is  constant  and  the  pressure 
varies.  They  are  called  the  specific  heat  at  constant  pressure 
and  the  specific  heat  at  constant  volume,  respectively ;  the 
former  beiu^  the  greater.  The  sjtecific  heat  of  air 
constant  prossure  was  determined  with  great  care  by  Reg- 
nault,  l)y  passing  the  air  fii-st  through  a  coil  placed  in  ho 
oil,  to  heat  it  to  a  kuowu  tem])erature,  and  then  through 
another  coil  contained  within  the  calorimeter.  Knowiu>; 
the  mass  <>f  air  employed  and  its  initial  temperature, 
the  specific  heat  is  readily  calculated  from  the  ordiuor 
calorimetrical  formula.  Witli  the  same  apparatus  th 
specific  li'^nts  of  thirty-five  other  gases  and  vapors  we 
determined  by  the  same  careful  experimenter.  He  cou 
eludes:  1st,  that,  for  approximately  perfect  gases,  tlu^ 
specific  heat  does  not  vary  witli  the  terajverature  ;  2d, 
that  the  thermal  capacity  of  unit  mass  is  independent 
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the  pressure  or  density  of  the  gas,  and  hence  that  the 
thermal  capacity  per  unit  volume  varies  as  its  density; 
3d,  that  the  thermal  capacities  of  equal  volumes  are  equal 
for  the  simple  and  more  diliicultly  coudeusible  gases,  and 
also  for  compound  gases  formed  witliout  condensation ; 
and  4th,  that  for  easily  condensible  gases  these  laws  do 
Dot  hold  ;  the  speciiic  heat,  for  example,  increasing  vrith 
the  temperature. 

SPECIFIC  HEATS  OP  GASES   AND  VAPORS 

SubsiADce.  Equal  Volume.      Eqtml  Maae. 

Air 0-2375  0*2375 

Oxygen 0-2405  0-2175 

l^itrogen 02368  0  2438 

Hydrogen 0-2359  3-4090 

Chlorine 0-2964  0-1210 

Carbon  dioxide 0-3307  0-21G3 

Marsh  yaa 0-3277  0-5929 

Steam 02989  0-4805 

Alcohol 0-7171  0-4534 

Ethyl  other l-226«  0-4796 

Chloroform 0-6461  0-1566 

Carbon  disulphide 0-4122  01569 

Benzene 1  0114  0*3754 

Turpentine 23776  05061 

In  the  above  table  the  values  headed  "equal  raaes " 
repr^nent  the  specific  heat  proper;  i.e.,  the  tliermal 
capacity  of  unit  mass.  In  the  other  column,  the  vulnea 
were  obtained  by  multiplying  the  specific  heats  as  piven, 
by  tho  8]»ecific  gravity  of  the  gas  or  vapor  referred  to  air 
as  unity. 

Section  m.— Effects  of  H£at. 

A. — EXPANSION. 

fi74.  Action  oC  Heat  upon  IVfatter. — Since  heat  is 
«ner^y,  the  effect  of  expending  heat  upon  a  body  \b 
clearly  to  hicrease  the  total  energy  of  this  body.  This 
increase  may  be  either  of  potential  energy  or  of  kinetio 


iV'  PUYBica,  ■ 

energy  or  of  both.  The  first  aud  most  obvions  effect  of  I 
expending  heat-esergy  npon  a  body  is  to  raise  its  tea-  I 
perature ;  aud  this  increase  of  tem^>erature,  as  we  hare  I 
Been,  is  only  an  increase  in  the  molecular  kinetic  eneixj  I 
of  the  body.  The  second  effect  is  to  increase  the  poten-  I 
iial  energy  of  the  mass  heated,  the  work  being  done  I 
against  cohesion  ;  and  the  result  is  a  change  iu  tie  I 
volume,  or  iu  the  elasticity,  or  in  the  viscosity-,  elr.  I 
Aguiu,  heat-ouorgy  may  be  expended  iu  doing  work  within  I 
the  molecule  itself,  either  in  producing  atomic  motiou  I 
therein  or  iu  effecting  atomic^    rearrangements  1 

chemism.  In  all  tliese  cases  the  work  is  done  witii.^  :  .  J 
body  heated,  and  is  called,  therefore,  internal  worL  I 
Besides  this,  however,  the  expenditure  of  heat-etierKT  I 
upon  a  body  may  enable  it  to  do  external  work,  as  wbou  I 
by  heating  a  bar  of  iron  under  stress^iit  expands  and  I 
overcomes  resistance  through  distance.  1 

275.  Ex|>uiiKioii  of  Solids. — Kise  of  temperatnre  in  I 
a  body  is  usually  accompanied  by  au  increase  in  its  size.  I 
Indeed  the  expansion  produced  by  heat  is  generally  | 
regarded  as  some  fuuction  of  the  temperature-change,  I 
In  considering  the  dilatation  of  solids  by  heat,  it  is  con*  I 
veuient  to  diHtiuguish  between  length-expansion  and  I 
volume-expansion. 

ExAMPLis.— An  ordinary  clock  runs  faster  in  winter  ihan  it 
summer,  ftince   its  pendnltim  contracts  by  coM  And  is   therefore  ] 
shorter,     Spaci's  must  bo  left  between  the  ends  of  rails  and  of  \\n* 
sections  of  lubuhir  bridges  in  order  to  altow  for  their  expansion  and  I 
contraction  by  clinnges  of  temperature.     It  18  enlculnteil  that  $i  b&r 
of  iron  when  heated  eight  or  nine  degrees  will  produce  ia  ex|iaiidin|: 
a  pressure  of  HO  kilograms  upon  every  square  centimeter  of  it**  sec- 
tion.    The  tire  of  a  wheel  is  place<l  on  it  after  Ijeing  heated;  so  that  ] 
on  cooling  it  .shall  eoniraet  and  bind  the  parts  of  the  wheel  firmly 
together.     The  walls  of  buildings  after  having  bulged  outwani  havol 
been  drawn  together  by  the  contraction  of  heated  iron  rods.    Volume- J 
expansion  is  tlhistrated  in  the  rise  of  the  mercury  column  in  ther-] 
mometers,  and  in  the  increase  in  balk  of  alcohol  and  other  liquidsj 
iu  summer.  i 

276.  Cxpnnsion-coefHclcnts. — When  heat  is  ap])]ied| 
to  a  body,  it  is  found  that  the  expansion  which  takeoj 
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place  Lu  it  is  proportioual  not  only  to  the  size  of  the  body 
and  to  the  unmberof  def^rees  througii  wliicli  it  is  heated, 
but  also  to  a  quantity  dependiup  upon  the  nature  of  the 
hf)dy  itself  and  called  its  expanBion-coefficient.  Suppose 
»  toil  of  length  J^  at  O''  to  be  heated  to  t^,  so  that  its 
length  becomes  ?, .  The  diffei'ence  of  length  1^  —  1^  =  e^ 
wliich  is  evidently  the  expansion.  But,  as  luis  just  been 
stated.  r=  «//,;  in  which  n  represents  the  expansion- 
coefficient,  f  the  temperature-change,  and  /.  the  initial 
length.  Consequently  since,  from  this  expressitm, 
a  =  r/fl^,  we  may  define  a  linear-expansion  coenicient  as 
the  amount  of  the  linear  expansion  which  unit  length  of 
the  body  undergoes  for  one  degree  change  in  its  tem])er- 
atnro.     The  vcilume-coeflicieut  is  similarly  d*^fined. 

If.  in  the  first  equation  above  given,  we  substitute  for 
I    «  itfl  value,  we  have  ?,  =  ?,  -f-  nr^/.,  or 

This  expression  1  -f-  ''^  i^  called  the  expansion-factor. 
It  is  evidentlj'  the  ratio  of  the  final  to  the  initial  length. 
Dividing;  both  sides  by  this  expansion-factor  we  get  also 
I,  =  /,/(!  -f-  at).  Hence  to  obtain  the  length  of  a  solid  at 
u  temperature  /°,  having  its  length  tit  zero  we  have  only 
t<>  multiply  its  length  at  zero  by  the  expansion-factor, 
CJoaversely,  by  dividing  the  length  at  (^  by  tlie  expaumou- 
factor  the  length  at  znro  is  obtained.  If  the  length  at  t"^ 
is  given  and  the  length  at  t"^  is  required,  then  since 
If  =  1^{1  -\-  at)  and  /,'  =  /,(!  -j-  **')#  w®  have  by  division 


L 


/,  =  /,(!+ a/). 


[45] 


J,  =  l, 


1  +  at' 
1  +  at 


;  or  approximately  I,'  =  ^(l+tt(f' — <)).  [46] 


If  a  cube  whose  side  is  unity  be  heated  one  degree,  its 
Tolnme  will  be  (1  +  ay  or  'l  -f  3a  +  3«'  -f  a\  Since, 
however,  the  linear  coefficient  a^  is  a  very  small  quantity, 
tlie  powers  higher  than  the  first  may  in  general  be  neg- 


990 


pnrsics. 


lected  and  the  volume-coefficient  y  maj  be  taken  as  thre« 
times  the  linear  a. 

277.    MeaHiireinent    of    ExpanRlon-coeflScleDt».  — 

From  the  formulas  just  given,  it  is  evident  that  to  deter- 
mine an  expansion-coefficient,  we  must  know  (1)  Uie 
total  expansion,  (2)  the  temperature-change,  and  (3)  the 
initial  length  or  volume.  The  experimental  determina- 
tion may  be  conducted  as  follows:  The  rod  whose  linear 
coefficient  is  desired  has  two  marks  made  near  its  ends, 
And  is  placed  within  a  somewhat  wide  glass  tube,  held  in 
the  two  corks  which  close  its  ends.  Through  each  of  tbwe 
corks  passes  a  tlicrmometer  and  a  piece  of  glass  tube.  By 
means  of  micrometer-microscopes  and  a  scale,  the  di»> 
tance  between  the  marks  upon  the  rod  is  first  measared, 
and  this  is  taken  as  the  initial  length  of  the  rod.  The  initial 
temperature  is  also  noted.  Steam  ie  then  blown  through 
the  apparatus  b}^  means  of  the  glass  tubes  in  the  corks; 
and  when  the  temperature  of  the  whole  is  in  equilibriiun, 
the  length  of  the  rod  is  again  measured,  and  the  tem- 
perature noted.  The  difference  between  the  final  and  iht 
initial  lengths  is  of  course  the  total  expansion.  That 
between  the  final  and  initial  temperatures  is  the  tem- 
perature-change. DiWding  the  total  expansion  bv  thfl 
temi)erature-change,  we  have  the  expansion  for  one 
degree.  And  tlie  quotient  (if  this  divided  by  the  initial 
length  is,  by  tlie  definition,  the  expansion-coefficient. 

Matthiess4<u  determined  the  volume-coefficient  of  n 
large  numl>er  of  solids,  by  weighing  them  carefully  in 
water  at  different  temperatures.  Since  the  volume  of  a 
given  mass  is  inversely  as  its  density  ^,  and  since  V,  = 
F,(l  4-  y^)i  ^e  may  write 


^.  =  J^l  +  yi) ;    whence    y  =  {d,^  A)/^^*       [47] 


By  determining  the  density  of  an  alloy  at  0°  and  at  /", 
therefore,  the  volume-expausion-coefficient  y  can  be  cal- 
cnlated. 
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TAJiLE  OF  EXPANSION  COEFFICIENTS. 

Mean  coeOicieDt  bctweeu  0**  aud  100'. 
SubsUoce.  Linear.  Volume. 

Glass 8-37  xlO-'  26'4  X  lO'* 

Copper 17-16  xlO-'  51-3x10-' 

Lead. 28-82X10-*  88*0  x  10* ' 

Tin 19-59  x  lO*'  69-0  x  lO'* 

Zinc 2976  x  lO"'  890  x  lO'* 

Iron 12-04  X  ID"*  355  x  10-' 

Platinum 857  X  10  *  266  X  10'' 


i£7ft.  Noik-iootropic  ExpaDHion. —  In  what  has  been 
said  above,  we  bayc  assuined  the  HubBtanceH  to  be  iHo- 
tropif,  i.e.,  to  have  iileiitical  properties  iu  ull  ilirectious. 
CrjstttlHue  Ixxlies,  however,  are  nonisotropic  and  have 
therefore  different  expunsious  along  different  axes.  Of 
course  there  are,  in  cousequence,  iu  crystals  having  three 
unequal  axes,  three  linear  exp»uBion-coel)icieuts  in  these 
directions.  The  volume-coofficient  is  the  sum  of  the 
three  linear  coefficients.  The  oa.se  of  Icelnnd  spar  la 
specially  iuteresting.  This  substance  when  heated  ex- 
l>andB  parallel  to  its  principal  axis,  but  contracts  at  the 
same  time  equally  in  all  perpendicular  direetiouH. 

S70.  Variation  of  tlie  li^xpanhion-ooelHcieiit  with 
Temperature. — It  has  been  experimentally  proved  that 
the  oxpaneion-coefticientM  of  solid  bodies  increase  slowly* 
wiUi  the  temy»erature.  Thus  the  volume-coetUcieut  of 
,  which  is  25*4  X  lO'*  between  0°  and  100°,  becomes 

4  X  10-'  between  0"  and  300".  The  coefficient  of  cop- 
per similarly  increases  from  51*3  X  10"'  to  56*5  x  10'*; 
and  Ihnl  of  iron  from  35*5  x  lO*  to  441  X  10-\  Hence 
the  coefficients  given  in  tlie  above  table  are  mean  co- 
eilicieuts  between  the  temperatures  stated.  The  actual 
coolficient  at  any  temperature  is  the  limiting  value  of 
expansion  per  unit  length   or  unit  volume  as  the 

jierafcure-chang*!  is  indeJiuitely  diminished. 

2HO*  HxpafiAion  -rnelTlrlentN  of  L.i<|iiidH.  —  8iuce 
liquids  require  a  containing  vessel,  their  expansion  is 
somewhat  milked  by  that  of  the  vessel   itself.     It   is 
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oomnion,  therofoi-e,  to  speak  of  liquida  as  liavin|;  two 
expansion-coefti<'ientR  :  a  real  coeflit:ieut,  which  is  tliAt 
of  the  liquid  iUelf;  mi<1  an  apparent  cuefficient,  which 
repreRoiitH  the  diflforence  }>etwpen  tlie  real  expausiou  of 
the  liquid  and  tlie  voluim^Mixpausiou  of  the  vessel.  Tlins 
if  a  large  theriuoiuet^ir  filloU-with  wat^^r  be  Buddetily 
Iteated,  the  column  ^rill  at  iirst  fall,  and  then  begin  Ui 
rise  ;  the  gbuss  envelope  iu  expanding  increasing  tbe 
interior  volume  of  the  bulb. 

The  real  expansion  of  mercury  has  beeu  direetlj  de- 
termined with  great  care  by  Rognault,  Tiie  prini*ipl'* 
of  his  method  is  as  follows  :  A  U-tube  is  filled  with  this 
metal  and  one  of  its  branches  is  surrounded  with  melt- 
ing ice  while  the  other  is  kept  at  a  teiui»eruture  /°.  The 
two  columns  balauco  each  other  hydrostatioallj,  but 
since  that  on  the  hot  side  has  expandedf  it  is  higher  thu 
tlie  uther.  If  //..  and  H,  are  the  heights  and  J„,  J,  the 
donsities  of  the  columns,  we  have  7/,<d„  =  i/,z/, ,  since 
the  heights  are  inversely  as  the  densities.  But  (277i 
J.  =  J,(l  -f  Yr^)  '*  whence  substituting  and  reducing 
yr^  (/A  —  H^l  llj.  Hence  by  di\nMin^'  tlte  difference  in 
the  heights  of  the  columns  by  the  height  of  the  oolnniQ 
at  0°  and  by  the  temperature-difference,  the  mean  renl 
coefficient  of  expansion  of  mercury  y^  is  obtained. 

The  a[)pareut  expansion  of  mercury  is  directly  de- 
termined by  filling  with  it  at  0°  a  largo  thermometer 
having  a  recurved  stent,  and  then  heating  the  whole  tof*. 
The  mercury  and  glass  l»oth  expand,  but  the  greater 
expansion  of  the  mercury  forces  some  of  the  metal  out  of 
the  tube.  This  is  collected  and  weighed.  If  its  mass  1)6 
7»,  that  of  the  mercury  originally  filling  the  instrumeut 
being  M^ ,  that  left  in  the  bulb  will  be  M^  —  m  ;  and  we 
have  m/{M^  —  m)i  as  the  apparent  expansion-coefficient 
per  unit  of  mass  ;  or,  since  volumes  of  the  same  liquid 
are  proportional  to  their  masses,  v/{  F,  —  v)t  is  the  coeffi- 
cient of  expansion  per  unit  of  %'olume.  Knowing  the 
value  of  ya*  tJie  coefficient  of  apparent  expansion,  we 
may  use  this  apparatus  iis  a  weight-thermometer.  Per 
the   formula   gives   us  <"  =  in/{M^  —  m)>'„ ;  so  that  by 
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eating  tbe  iuiitniiueut,  after  filling  at  0",  to  hu  unknown         ^^| 
smpcniture  <°,  ue  may  detenuiiie  this  tempfirutnre  by          ^^B 
ividiiig  the  mass  of  tlie  mercury  which  has  escaped  by         ^^^ 
lat  of  the  mercury  left  iu  the  bulb,  multiplied  by  the          ^^| 
xpauHion-coefKc-ieut.                                                                        ^^| 
Since  the  coefficient  of  real  expanfiion  of  a  liquid  is          ^^| 
le  sum  of  the  coefficients  of  apparent  expansion  of  this         ^^| 
iqiiid  and  that  of  the  glass  envelope  in  which  it  is  con-         ^^| 
ftined,  either  oT  these  three  coeiiiciouts  ma^'  be  deter-         ^^H 
aiued  if  the  other  two  be  known.     If,  for  example,  the         ^^| 
BM»ffit'ient  of  real  expansion  of  mercury  be  181'5  X  10"'         ^^| 
lud    the   coetMoieiit  of  apparent  expansion   in  a   ^von         ^^H 
(lass  bulb  be  1543  X  10'*,  then  the  difference  of  these         ^^| 
ralne»,  or27*2  X  1^'.  represents  the  coefficient  of  volume-         ^^^ 
^xpaxiaion  of  the  glass.                                                                     ^^B 
2H1.  AnoimilouM  Eximiisioii  ofWati-r. — When  water          ^^H 
at  0^'  U  heattnl  it  contracts  instead  uf  expanding;  and          ^^| 
ibis    exceptional    result   con-                                                         ^^1 

tinaeB   until    its   temperature 
I       '    .4"  (Fig,  lOOy    Then 

-ion  conjmeucea  and  at  '* 
about  8''  the  liquid  Jias  the 
KHme  volume  as  at  0'^.     The  too 
temperature  of  4*^,  therefore, 
-which   is  the  point  of  mini-    ^ 
mum    volu(itt\    is    also    the 
point    of    maximum    density 
of   wal<tr.     By    means   of    a   •" 
water -thermometer    witli    a 
large  bulb   tiiis  relatitm  be-    40 
tweeu    the   volume    and    the 
temperature    of    water    near 
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the  zero  point  may  be  easily      * 
obtaiue<1.     If  the  degrees  of 
temperature  thus  obtained  be  p 
the  heights  of  the  column  iu  the 
IDO),  tbe  curve  of  variation  may  h 
the  curve  <iAc  shows  the  results  0 
fore  rcpreaents  also  the  variation 
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thermometer.  Correcting  for  this  the  curve  adf  \a  ob- 
tained which  shows  the  maximum  density  of  water  to 
bo  at  4^ 

Experiment.— This  fact  is  exi)ehiueDUlly  illustrated  usually  by 
meniift  of  a  cylinder  of  glass  filled  with  water  and  hnving  two  tlj<r- 
momctturs  inserted  horizontally  into  it,  one  near  the  top,  the  otlur 
uear  the  bottom.  Go  placing  a  freezing  mixture  in  a  xneul  jj<:Li( 
which  surrounds  its  middle  |>ortion,  the  water,  at  first  >)ecnaun{ 
denser  as  it  cooU,  sinks  to  the  l>ottom  and  the  lower  tbenuomfter 
falls,  until  it  reiiche*  4*.  Then,  on  further  cooling,  the  w.iler  «- 
pand8  uud  ribcs  to  the  top;  and  the  upper  thermoweler,  whicti  tm 
thus  far  been  stationary,  begins  to  fnU,  continuing  to  do  so  onltl 
the  water  ujion  the  surface  is  frozen.     (Hope.) 

The  expansion-ooefficieut  of  water  was  accurately 
determined  by  Matthiesscn  by  weighing  in  it  at  differeiit 
temperatures  a  block  of  glass  whose  coefHcieut  ^u» 
known. 

S282.  Incpeusc  of  the  Copfflcient  witli  Teiup<»n»trirf. 
— "With  most  liquids,  the  expansion-coefficient  steatlUr 
increases  il»  the  temperature  rises.  This  is  shown  iii  ib« 
following  table  for  several  well-known  liquids  (Pierre); 

Liquid.            Volume  at  0°.   Volume  at  10".  Volumi-  «i  40' 

Water 1             1-000146  1  007402 

Alcohol 1             1-010601  1-044882 

Carbon  disulphide.  1             1-O115o4  1041*00f. 

Wood-spirit 1            1012020  1  -O^OSi)!) 

Ethyl  ether. 1            1-015408  1-066863 

For  sonie  liquids  the  expansion  may  be  represented  Ifj 
a  formula  containing  but  two  constants;  but  for  fho« 
which  are  most  expansibl*^  three  constants  are  required. 
Thus  for  the  volume  of  mercury  at  <°,  the  forniuU 
adopted  by  the  International  Committee  of  Weights  and 
Measures  is 

V'(  =  1  4-  000181793/  4-  000000000 1 75r  +  •ooooooooooa'siiGC.    [48] 

For  water  between  4°  and  3**,  Matthiessen  found  the 
volume  to  be  represented  by  the  formula 

Kf  =  1  -  -00000253(^-4)+ 0000008880(1-4)^4- •OOOOOOOTna^—*/.  [49] 

I 


MOLKVVLAR  KINBTIV  hAKIiU  y.~JJ&AT,  "J05 

r  ether,  at  t°,  PieiTe  givea  the  formula 

F",  =r  1  4-  0015183/ -I-  ()000033592f  4-  •0000(KKM005U*.         [50] 

fuelled  ^ases  are  remarkable  for  their  great  expansi- 
ity  with  heat.  Thilorier  haH  showu  that  ]iqui<l  ourhnu 
:>xiile  is  four  times  an  expansible  h8  air,  aud  Driou  ha** 
^ifirnied  the  geueral  KUiteiueut  for  liquid  uulphuroua 
ide  aud  etliyi  chloride.  According  to  Wroblewaky, 
.e  ♦^xpuuBitm-coefficneut  of  liquid  ^xygeu  at  —  130''  is 
U7(>0  :  aud  that  of  licpiid  uitmgtm  ut  —  l.i3-7''  is  (JOail. 

lStf<t.  Kxpansioii  ol  Ohkoh. — The  effect  of  heat  iipou 
j»uH  may  l>e  measuipd  eithc^r  by  iiotiug  the  chauge  iu 

vtduiue  when  the  presHure  nj>ou  it  is  constant,  ov  the 
haoge  iu  its  preHsui*e  u-heu  its*  volume  is  preserved  un- 
This  cliaiigt",  Hither  of  jiressnre  or  of  volume, 
correKpondiug  temperature- 
Hmnge,  is  due  simply  to  a  change  iu 
hi!  molecular  kiuetic  energy ;  and 
""aiKcqueutly  the  coefficient  of  vol- 
>fiie-chauge  in  a  perfect  gas,  ils  meas- 

tcd  by  the  temperature-change, 
ould  be  numerically  equal  to  the 
ri«ffictent  of  pressure-ohauge.  Since, 
vjweTer,  no  actual  gas  is  a  perfect 
11%  these  coprticifuts  have  values 
'hich  ditTer  from  each  otl»er  to  an 
Klent  dnpeudiug  upou  the  compressi- 
llity  of  the  gas. 

2H4.  3li'ji!^Mri*iii<*nt  of  (orfli- 
tetit». — \V'»T  »>wi-  iti  Il^r'gnuult  the 
toftt  accurate  deterndnation  of  these 
'!  "        its.    The  apparatus  whieli 

i^i  ^^eutjaliy  an  air-thermom- 

HuFig.  lUl).  The  volnme-coofti- 
Bm  WAS  obtsiuod  by  placing  the 
lb  u  first  iu  mehiug  ice  aud  then 
th«  va|>or  of  boiliug  water,  and  notiug  the  differeuce 
tbe  volume  of  the  gas  as  measured  by  the  height  of 
a^roory  column  iu  the  tul>'?  ./  in  tJie  two  ca^eK ; 
I 
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the  difference  iu  lieigiit  between  A  and  U  being  mul« 
y.ero  in  both  experiiueuts.  Kuowiug  the  vntnnie  of  tb 
bulb  and  of  the  tiilie,  it  is  easy  to  cHlcubite  the  ralin 
of  tho  iiicreii.se  of  volume  under  conHt<uit  pressure  ti)  the 
original  vohime,  for  lOO**.  In  ascertaining  the  pi^sanw- 
coefficient,  the  tube  D  was  raised  until  tbo  luenurv  itj  J 
stood  at  the  siiine  point  when  the  bulb  wa»  at  l<tO' m 
when  it  was  at  0^  The  volume  being  constant,  the  in. 
creased  height  of  the  mercury  column  iu  the  8ec<iud 
experiment  gave  the  increased  pressure  for  100".  Tbe 
ratio  of  this  increase  o{  pressure  to  the  original  ]»re.ssare 
is  the  pressiire-coefticient. 

285.  Luw  of  Ciiarlff*s. — The  results  of  RegnauU'ti  in- 
vestigations fully  contirm  a  law  tirst  stated  by  ClurlM 
iu  1787,  and  subsequently,  with  more  accuracy,  by(r«t 
LusHuc.  This  law  asserts  that  not  only  are  tlie  volumw- 
nud  pressure-uoefficieiits  the  same  for  any  one  gaSf  Ind 
they  have  a]>pro\iniately  the  same  value  for  all  gMca 
between  0"^  and  100''.  Gay  Lussac  obtained  the  nlue 
0*(K)375  for  the  mean  volume-coefficient  for  l"",  wittun 
this  range.  But  Kudberg  by  drying  the  air  more  care- 
fully oblaincil  0'00;^r)r»5,  a  value  comparable  with  tlnil  *'l 
Begnault;  as  appears  from  the  following  table,  giving 
both  coefficients  for  different  gases  : 

VOLUME-   AND   PltESSL'IUS-COKFPIClENTS. 

Ga».  Puwsuri-  c-nn.stiiiit.   Volunir  ronstaiiL 

Hydrogen O'003G(31  0-(K»B<OT 

Atmospheric  air 0003670  O-OOSHIm 

^'itro^en 0-(X)J{r.68 

Carbou  monoxide 0003G69  O-OOr^T 

Carbon  dioxide 0'(M)3710  0'0()H688 

Nitrogen'  mon(»xide 0*003719  0-003676 

Sulphur  dioxide 0(M)3903  0-(M)3845 

Cyanogen 0.003877  OOOH8t3t* 

286.  Combination  of  tlio  Knw  of  Charles  with  t lint 
of  Boyle, — By  the  law  of  Boyle,  the  product  of  tlie 
tjjessure  and  the  voVuiue  \iay  w  ^^ven  mass  of  gas  itf  can- 


EE&t  ;   i.e.,  pv  =  C.     But  sineo  l>y  the  law  of  Charles 
Bse    changes  of  pressure   aud  of   volume   are    propor- 
Bonal    to   the   expiiusiou-fact^rs,  we   have   pv/(l  -(-  yt) 
t=   C ;    or  pv  =  C(l  +  yf),    ^vliere    ;'   ih   the   coefficient 
&*00366i>.     If  wo  aHSuuit!  this  equation  to  hohl  j^ood  at 
kll  temperatures,  au  iroportaut  couelusiou  follows.     For 
If  t  Ik*  luade  equal  to  —  l/y^  then  pv  =  0,  and  of  course, 
^itbrr  t}u>  gas  will  no  louj^er  have  any  volume^  or  it  will 
no   longer  exert  pressure  upon  the  coutaiuitig  vessel. 
iBiuce  y  38  0003GCo,  the  teuiperature  at  whicli  pv  =  0 
Sh    that   at   which  t  =  -  l/O-OiK^GOr)  ;    i.e.,  -  273''  veiy 
huearly.     This  is  therefore  called  the  absolute  zero  of  tern- 
fperature,  since  there  is  reason  to  believe  that  at  this  tem- 
^MTature  all  hodien  are  entirely  deprived  of  heat.     As- 
suming now  this  new  zero  point,  \v«  may  write  the  ahove 
'  equation  thus  :  pv/H  —  K ;  in  which  ^  is  now  the  iihst>- 
lute   teuiperature,  and   A'  is  a  constant.     From  this  it 
(nllowH  that  at  constant  pressure  v  :  v'  ::  0  :  ff'  ',  and  at 
constant  volume  p  :  p'  ::  ff  :  tf\     Or  in  other  words,  the 
volume  of  a  gas  at  ctmstant  pressure,  or  the  pressure  i»f 
a  giis  at  oonstnut  volume,  is  directly  proporti<mal  to  the 
al>soIute  temperature. 

:{87.  ApplirutioiiH  ol'tlir  Lhw.h  ofEximiisioii. — Nu- 
merous applicntic»us  of  the  use  of  exj»ausion-coefiicientsi 
in  practice  might  be  mentioned.  The  primary  standard 
of  length  of  the  metric  system,  udo})ted  in  1799,  is  a  bar 
of  plnttntini  ftninprly  ilcpdsited  »t  tlie  Pidais des  Archives 
IM  I'aris  and  hence  known  its  the  *'  metre  des  Archives." 
This  Iwir  is  rectjingular  in  section.  25  mm.  wide  and  3'5 
mm.  thii'k,  the  distance  between  tlie  planes  perpendicular 
to  its  axis,  which  crmstitute  its  ends,  being  the  true  lengtli 
of  the  meter,  at  the  temperature  of  uieltiug  ice.  For 
w".  II  at  ttther  tiMitpt-ratures,  the  maker  of  this  bar, 

l,r'  tormiutMl  its  coetlicient  (A  expansion  for  1°  to 

be  3'1  microns  per  meter  ;  that  for  certain  pro\isional 
bnu»  meter  bars  ludng  9'*2^  per  meter  and  that  for  cer- 
taio  iron  meters  unule  at  the  same  time  being  6*3/<, 
liof^ra^H  indirect  comparisons  of  this  platinum  bar  with 
the   Imperial    vard    h.-ivt'  slimru    tltnt   the  '* metre  deA 
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Archives"  is  3*37012  iuches  longer  tlian  the  luipfrUI 
yard,  both  being  at  0".  Moreover,  he  tiiids  for  bninM 
(Baily's  metiil)  the  coefHcieut  1717^i  for  out^  raeUr,  for 
steel  (Ji^rtBup's)  lO'246/i ;  and  for  plate  ^lass  (^Chabc*-  K 
Sous)  7*428;/ ;  these  subtitauces  beiug  use<l  by  the  Britii^b 
Board  of  Trade  for  foiistruoting  standards.  A  pendn- 
luin  may  Im  coiuj>eusatGtl  or  made  independent  of  Uin- 
l^eratnre,  by  ruakiug  itw  sbaft  of  two  ditTerent  metak, ») 
arranged  that  their  directions  of  expHi)sit>n  are  opposite; 
as  in  the  f^^ridimu  and  mercurial  peuduhiniH.  8iuci;  tbt* 
expansion  for  1"^  is  at  for  the  one  metiil  and  «'/'  for  the 
other,  and  the  leu^^th  of  the  pendulum  will  reuiaiu  invari- 
able if  thene  two  expauBions  are  equal  aud  opptwitc, 
al  —  a'V  =  0,  or  itl  =  n'l' ;  whence  f  :  I'  :  :  ft'  :  a,  Or  llw 
lengths  of  the  metallic  rods  must  be  inversely  as  their 
expflusion-ct^efticients.  Metalli*'  thernunueters  are  fou- 
rttructed  containing  a  curved  conipouud  l>ar  made  of  two 
strips,  one  of  brass  and  the  other  of  iron.  Since  ibn 
brass  expands  more  than  the  iron,  the  bar  will  increase 
in  curvature  with  a  rise  in  temperature,  if  the  brass  is 
upon  the  outside  ;  and  so  by  moving  au  index,  indionti^ 
the  temperature  upou  a  suitable  scale.  The  balance 
wheels  of  watclies  an*  made  cf>mpenaating,  upon  the  »Hm* 
principle.  In  weighing  gases,  since  their  coefficient  i* 
HO  considerable,  it  is  important  to  make  suitable  cor- 
rections for  temperature. 


U, — CHANGE    OK  STATE. 
(a)  Ligne/action. 

1288.  FuHioii. — Resiiles  change  of  temperature  andof 
volume,  heat  produces  change  of  ntati^  When  n  ^\\t\ 
body  is  exjwsed  to  heat,  not  only  does  its  teraperatur? 
rise  aud  its  volume  Increase,  but  it  liquefies;  pro\n<]i*4 
of  course  that  it  is  not  previously  decomposed.  More- 
over when  a  liquid  body  is  thus  heated  it  is  vnporised, 
and  becomes  a  gas  or  vapor.  The  form/»r  process  is 
fAlhd  liquefaction  cr  luavm-,  iVa  W\Sj^x  ^«.t^Qrisatioa, 


MOLSCULAH  KjyiSTIC  ENEHGY,-UlSAr 


2oy 


:2ttl>.  Laws  ol'  KiiHion. — Certaiu  solids,  wlieu  Hub- 
ieil  to  liettty  cliauge  tiieir  Htutc  abruptly ;  us  iu  tbe 
e  of  ice,  Hulphur,  tin,  etc.  Others  ligaiu  pass  gradu- 
\\y  uaUi  the  liquid  situte,  becoming  viscous  or  panty 
uriug  tlie  procesH.  Such  HolidH  are  sealiug-w»x,  glasH, 
tl  wrought-irr>u.  Fur  solids  of  the  Hrnt  class*  the  fol- 
owiu^  laws  of  fiisiou  have  been  found  to  hold  : 

I.  £%'ery  Hubutaace  begins  to  luelt  at  a  per- 
ectly  definite  poiut  of  temperature,  called  ita 
usiug  poiut,  whicli  is  always  the  same  for  the 
aine  subbtance  uuder  the  same  presHure. 

II,  After  fusiou  com  uieuces,  the  temperature 
>f  tlie  mauH  remains  constant  at  the  fusion  poiut, 
u  ^rhatever  way  the  beat  way  be  applied,  until 
.he  liquefaction  proceua  is  complete. 

TABLE  OK  FUfcilNG   POINTS. 

Sub^UiiCtf.  TciupL-rumrv.  i  Substance.  Tempernlure. 

Alcohol —  130-5**  Camphor, 175* 

Sulphurous  oxide.  -   78-9^  Tin *23o' 


Mercury  . . . . 

Water 

Gallium 

Phoftphorus 
Hodium .... 


39•5^A^tiraonv 440' 


0" 

44-2= 

96*^ 


Silver 'X^V 

Palbidium l.VM)' 

Platinum 


177.V 

.Iridium lO.W 


Tlie  last  four  of  the  above  values  are  given  on  the 
aathority  of  Violle. 

Ei/s^Pi.K— If  a  piece  of  irr  cmlod  lo  —10"  >>c  gradually  he.it»Hl. 
it»  IcmpHnifiirc  will  rise  until  it   r'?aclie«  zero,  the  fnflinj?  pflint. 
it  will  lutrin  to  melt,  and  so  long  as  any  ice  remnins  the  Hilt- 
rttT  will  rHinain  constant  at  zoro.     When  all  tho  Ice  lins  hoen 
liquefied,  the  thermomoter  will  again  bepn  to  rise. 

2»0.  Cliatiffe  of  Volume  on  Piision. — Tn  j»euenJ, 
iu>Hdtt  expand  on  meltiug;  so  that  the  volume  of  the 
liquid  ia  pr^ater  and  its  density  less  than  that  of  the 
&olid.  There  are.  however,  certain  notable  pxeeptious 
to  this  rule.     Wat<'r.  luHmnth,  tv])e-metal,  and  cast-irou. 
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ioT  example,  couirArt  ilnriug  liqnefactioD  ;  and  iu  ooitt6> 
riinspborus  ^^  queuce  the  lighter  solid  AoaU 
on  tlie  denser  liqaid.  More- 
over, A8  already  stated,  tk 
cliau^e  in  vohiuie  may  be  i^d- 
den  or  gradual.  In  the  accom- 
pauyiug  iigureu  the  charactftr  of 
this  change  is  shown  graphicalii 
Phosphorus  (Fig.  102)  suddenly  expands  when  heaUni 
to  44*2°,  and  water  l^Fig.  103)  suddenly  coutraots  wLea 
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cooled  to  0*" ;  their  respective  melting  points.    "VNTiile  wax 
(Fig.  104},  beginning  to  soften  below  20°,  gradually  ei- 
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pands  and  does  not  reach  complete  liquefaction  until  the 
temperature  rises  to  64°.  The  practical  importance  of 
ih'iH  ^'radual  chauf^e  lies  in  the  fact  that  only  such  bodifs 
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pOHH  throogh  tliiti  pivsty  couditiou^on  futiiou  ure  capa- 
I  of  being  welded.  WroHglit-in>n  and  ]^hitiiiinn,  for 
kmple.  are  reiidily  welded,  wliilp  copper,  which  pa^Hes 
Idenly  from  the  »olid  to  the  liquid  condition,  caiuii>i 

weJt^d. 

SO  1 .  Cfl'ect  ol*Pre«sure  ou  the  FuhIdk  Point. — Since, 
leu  a  solid  expands  ou  ineltinjj;,  oxterual  work  iu  done 

the  hfut  in  iidditiou  to  that  reqnii'od  to  chHIl^e  the 
fctc  of  the  body,  it  follows  that  by  increasing  the  presa- 
e  U|H)n  the  solid,  the  external  work,  and  hence  the 
ftt  required  to  do  it,  will  be  increased  also.  In  C(tnse- 
tence  the  fasiu^  point  of  such  a  solid  is  raised  hy  sub- 
:;tiii};  the  solid  to  prcRsure.  Ou  the  other  hand,  a  solid 
te  ice,  which  cf»utracts  on  melting,  requires  less  heat  ta 
Bit  it  nuder  pressure  ;  since  then  the  pressure  acts  iu 
ft  same  direction  as  the  heat.  Thus  the  melting  point 
parafiin  is  raised  3*5^  by  a  pressure  of  IfM)  atmospheres ; 
id  that  of  wax  lO''  hy  a  pressure  of  500  atmospheres. 
^6  facing  point  of  ice,  however,  ia  lowered  0*0075°  for 
ch  atmosphere  of  pressure  (Thomson).  So  that  to 
dace  the  melting  point  of  ice  one  degree  requires  a 
pr>Bure  of  140  kilograms  upon  each  wpiare  centimeter. 
MiHflou  liquefied  ice  at  —20**  by  means  of  a  pressni*e 

130*XI  atujospheres. 

ExpEKiMCvr.— Boil  water  in  a  tlask  anrl,  After  tlieair  is  tfX|>ti]|(Ml, 
w  thp  ftask  tightly  with  it  cork.  When  cold  pinci*  it  in  a  frt?o7,ing 
XUiro  until  a  jMjrtioii  of  the  WHtcr  is  frozi'n.     If  now,  afttir  ihe  ioe 

»U  |uirtly  mf^lti'it  tifc^iiti.  Ih**  fl:isk  Ih-  pI;ioi*rl  in  wiiter  ci>ntnit)ifi]$ 
mift  «f  iw,  the  wutrr  inHido  will  b**  seen  to  fr»»oz(?  at  the  tem- 
t^lurc  At  which  the  ice  outside  ut  tne1tin^^     (Von  Helmholtz.) 

■p!£.  IC<^K«*latlori. — When  two  jneces  rjf  ice  at  0'  are 
IBi^d  together,  they  nnito  Jit  the  point  of  contact. 
ll«  phenomeuou,  to  which  Farmlay  gave  the  name 
^Ifttion,  is  a  simple  coiiseqneui*e  of  the  efTect  of  press- 
e  in  lowering  the  fusing  point  The  prosHure  lique- 
fy tlte  ice  at  the  plane  of  contact ;  but  as  the  water 
'  Ms  below  the  fnsing  pnint,  it  fn-ezes  again  aa 
t  is  i-elii'ved  fmn*  i»ressnre,  and  jitins  the  whole 
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ExpERiMRNT.— Stipi^nrl  a  block  of  iee  honzontiUly,  anil  piats 
ULTOHfl  it  a  loop  of  wire  tu  tlie  ends  of  wliich  uoii:«idtf ruble  wei| 
are  nttmluHi.  TIji'  wire  will  \m}  observed  gnidunlly  to  sink  intoi 
ieo  and  I'ViMiiimlly  to  cut  JtA  way  through  it  and  fall  upon  ihcflMr 
(Bottnmlt  yi.  Uiil  the  ico  itself  will  not  U?  dividod.  and  will  remua 
rt>  i«>lid  as  ill  tirst.  The  pressuri'  of  iho  wire  liqut'fifs  the  i«  imBw- 
diati'ly  bcntfittli  il.  ami  the  ri*»iiUinK  water  Howk  round  thv  win  ia 
il«  uppur  side  ;  there,  l»eing  relieved  from  the  pressure,  it  re-Mltdi* 
ties  and  unites*  ai^ridn  the  HetHirided  |x>rtions. 

llef^t^hitiou  cAu  tnke  place  oulv  wbeu  the  teiuperatu^ 
is  at  tlip  melting  pttint.  Furnday  f1nnte<l  a  utiuiber  id 
pieces  of  ice  in  water  and  bv  causing  tUem  to  come  iiitu 
coutaut  KucceH8ively,  formed  tlieiu  into  a  traiu.  By  ink- 
ing  hold  of  tho  end  piece  the  entire  traiu  may  \>e  lifted 
from  the  water.  The  effect  in  more  striking  when  the 
experimeut  is  made  in  hot  water.  The  t^anie  principle  ii* 
illuHtrated  iu  the  making  of  n  Hnowball.  It  in  otdy  wLen 
the  weather  is  mihl  and  the  snow  melting  that  snowhoUii 
can  he  stu'ceHHftilly  made.  The  prewHureof  the  hands  in 
molding  them  liipietien  a  minute  ]>ortiou  of  the  snow, 
the  water  freezing  again  as  soon  as  tlie  preSHnre  diftikp- 
pears ;  until  tinally  the  hall  becomes  a  mass  of  solid  icr. 
Intermittent  presMure  on  a  snt>w-covered  pavement  or 
roadway  soon  converts  the  snow  into  ice.  And  by  plac- 
iug  crushed  ice  in  a  mold  and  submitting  it  to  hyilrD- 
static  pressure,  clear  transparent  ice-inasses  niaj'  be  ob- 
tained of  any  form  desii'ed.  This  proeess  of  regf^latiou 
has  been  ap])lied  to  ex])hun  the  ])henomena  of  glatrier 
motion,  at  tirst  supposed  to  be  due  scdely  to  viscosity. 
Under  the  superincumbent  pressure  the  glacier  ic©  lique- 
fies, the  mass  moves  und  tlie  pressure  is  relieved.  In- 
stantly the  water  freezes  ikgain  and  the  glacier  is  as  solid 
AS  l^efore.  So  tfto  if  we  suppose  the  materials  compos- 
ing the  earth's  interior  to  expand  on  fusion,  it  is  evident 
that  the  onornums  pressure  above  them — about  .UK)  at- 
mospheres per  kilometer — may  be  quite  sufHcient  to 
prevent  their  fusi«)n  «*ven  under  the  very  high  tem]>erH' 
ture  whicli  exists  there.  And  thus  even  though  this 
tempei'ature  be  above  that  of  the  ordinary  fusing  point 
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i    such    materials,  the  earth   may  still  he,  uh  Sir  Wm. 
*bon)Hou  KU|)po8e8,  uearly  an  rigid  aH  a  globe  of  htoel. 

:21Ki.  Solution.^" Solutions,"  Hays  (KstwiiM,  "are 
iMtuogeneoDH  luixtxireK — mixtures  wliich  allow  uo  sepa- 
&tioii  of  tlieir  compoueuts  by  mccliauicHl  lueaiiH." 
}aAeH  may  unite  with  each  other  in  all  ])roportious  to 
oritt  ftuch  mixtures,  the  pressure  exerted  by  tlie  mixture 
feiii^  the  sum  (»f  th*'  partial  pressures  of  the  cimstitueiit 
piHeH.  The  solution  of  gases  iu  liquids  is  well-Aigh 
^nural ;  but  the  amount  dissolved  depends  not  only 
Ipnn  the  nattire  of  tlte  substunoes  and  upon  the  temper- 
ature, but  is  also  prupurtiitnal  to  the  pressure.  So  that, 
bnlUug  the  quantity  of  the  gas  eontaineil  in  unit  vcdnme, 
tn^th  <if  the  1i(piid  and  of  the  space  above  it,  the  conoen- 
tion,  tlie  law  of  Henry  (1808)  simply  states  that  tlie 
0  of  the  two  eoneeutriitious  is  constaut  and  inde]ie]i- 
eiit  of  thi'  ]>ressHre.  This  nitio  in  called  the  coefficient 
fsolability.  Evidently  at  first,  more  moleeules  fif  the 
a»  enter  the  liipiid  than  leave  it ;  but  the  ratio  deereases 
.4  the  liquid  becomes  saturated,  iind  equilibrium  is 
Hche«l  when  this  ratio  is  unity.  The  solution  of  u  soli^l 
ft  liquid  is  uIho  dependent  u])on  the  uature  of  the  suIk 
Mid  upon  the  temjieratnre  ;  tlie  process  continu- 
ii  il  a  deJinite  cnncentratioii  is  reached,  determined 

ly  UieHe  eouditiouH.  Since  osmotic  pressure  (1U2)  ct>r- 
eaponds  t^^i  vapor-pj-essure,  a  definite  solution.pressure 
HUiit  be  exerte<l  by  every  s<did  with  respect  t»j  a  giveu 
rdvrnt  at  a  given  temperature  ;  and  Nernst  has  shown 
tat  solution  tikti  vaporisation  will  go  on  until  the  op- 
fjsiu^  pressure  has  become  equal  to  the  solution-j»reK8- 
ire.  Thus,  to  saturate  l*Xt  grams  of  water,  357  grama 
A  Kodiuni  chloriile  aix*  required  at  0\  ;iO  grams  at  20°, 
kuil  'i*.i*7  grams  at  lOO** ;  while  of  potassfum  nitrate,  IH'3 
;nuuH  aire  required  at  0^.  31-7  grams  at  20  \  and  24G 
\m%  nt  WY.     Solubilities  are  best  repreaeuted  graphi- 

Solution,  iiowever.  has  a  chemical  side  as  well  as  a 
►bvsical  one.  While  17  grams  of  ammonia-gas  evolvea 
Idly  4400   heat-uuitii  iu  assuming   the    liquid   state,  it 
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evolves  7535  beat-unita  in  diABohing  \n  18  gram^  m[ 
water;  ko  that  the  foriuntiou  of  the  soludou  NH^U^O 
evolves  3135  hetvt-iinitH  more  than  is  due  diinplv  li» 
I'ltauge  of  8tiite.  To  fuse  124  gruiuH  sodiutn  thiosuIphaU' 
y7(H)  heat-uuits  are  required;  while  onlv  o7(>0  heHt-uniu 
are  abHorbed  wheu  it  dissijlveH  in  water  ;  sho-wp-ini;  that 
about  4*X)(J  lient-uuits  must  be  evolved  in  the  act  of  tltf 
chemical  i-oinbiuatiou  of  the  salt  with  water,  uotwitL- 
Htaiidiug  the  cooling  otTect  due  to  the  sulutiuu  itst'lf. 
Hence  Mendeleeff  regards  solutious  us  *'liuid,  unstnhlf, 
detiuite  chemical  compouudH  iu  a  state  of  dissociation.' 

204.  SoliUifieutloii.  — JuHt  as  a  solid  may  be  mclt«d 
by  the  mhlitioii  of  heat,  so  c<»uversely,  a  liquid  ruav  l>e 
solidified  by  it8  subtrat'tiou.  Ileuce  for  every  liquid 
there  is  a  definite  solidifying  point,  the  temperature  of 
which  is  constant  so  long  as  the  solidifying  princess  is 
in  progress.  Moreover,  this  solidifying  jioint  is  iilentiL'ji] 
with  the  fusing  p*»iut  nf  the  solid  substauce.  Substaiii-es 
like  bismuth  and  antimony,  which  expand  on  solidifvinj^. 
give  sharp  castings;  while  gold,  silver,  and  rop|)er, 
which  contract,  cannot  be  cast  into  coins  but  must  iNt 
stumped  iu  a  die.  Iu  the  case  of  water  under  pressizw, 
soliditicjition  takes  place  only  at  the  iustant  Avhen  tU 
pressure  is  relieved.  Hageubach  submitted  closed  bomb- 
shells containing  water  to  severe  cold  and  ob^^rvoJ 
that  tlti'  ice  wliich  protruded  from  the  opcuings  nfUff 
the  shell  had  burst  had  the  forms  of  solidified  water-jVt& 
Williams  tilled  a  12-inch  shell  with  water.  cl*»sed  it  with 
ft  wooden  stopper,  and  exposed  it  t«i  a  tt^mperature  of 
—  28*^.  When  the  wat^^r  froze,  the  stopper  was  projected 
to  a  distance  of  more  than  270  meters  and  a  si»lid 
cylinder  of  ice  20  ccutinu^ers  long  protruded  from  tbfi 
opening. 

Wheu  soliilificatiou  tates  place  very  sh)wly,  either 
from  fusion  or  from  solution,  tl»e  resulting  solid  may 
take  a  regular  geomotrii^iii  form,  called  a  crystal,  lender 
these  conditious  the  m(tleiMjles  are  free  t4^  move,  and 
therefore  may  arrange  themselves  in  accordance  M*ith 
the  law  of  symmetry. 
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tSO^.  StirriiHJitii. — SiiperKutiirution, — AltLougli uiuler 
>riual  conditioiiK,  solitls  ciiuuot  be  lieated  above  their 
biug  pointK  withont  melting,  liquids  as  such  can  be 
bletl  below  their  Holidif  jiug  points.  This  pbeuomenon 
called  surfbsion:  or  snpersaturation,  wheu  the  liquid  is 
^^Intiou.  If  jiurae  water  previously  freed  from  air  by 
filing  be  placed  in  a  cloaed  cylinder  provided  with  a 
(eruiometer,  and  if  the  cylinder  be  placed  in  a  freezing 
Sxtnr*s  the  water  may  be  cooled  several  degrees  below 
Vo  vrithont  solidifying.  On  agitating  the  vcBsel,  how- 
r«r,  the  water  will  at  ouce  freeze  aud  the  thermometer 
^11  rise  to  zero.  Despretz  cooled  water  contained  in 
kpillary  tubes  to  —20"  without  freezing;  aud  Dnfour 
btained  the  same  result  with  globules  of  water  floating  in 
^mixture  of  jLliuimd-nil  aud  chloroform  of  the  same  dru- 
\iy  as  the  water.  Phosphorns,  which  melts  at  44*2°,  ha« 
I  this  way  been  cooleil  to  —  S*'  without  becoming  solid. 
aid  Gernez  has  cot>lcd  melted  sulphur,  whoso  fusing 
biiit  is  115°,  to  the  ordinary  temperature  in  a  liquid  of 
>e  same  density,  without  solidificatiim.  Upon  dropping 
Ito  such  a  liquid,  either  surfused  f»r  supersaturated,  a 
SBgmf^nt  of  the  solid,  Hrtlidilication  begins  at  once.  And 
jernez  has  observed  that  surfused  sulphur,  obtaiucd  by 
Anting  the  fused  mass  t<>  170°  and  tlien  cooling  to 
^tween  90*^  and  KXl'^,  crystallizes  in  the  octahedral 
^mn  on  introducing  a  fragment  of  octahedral  sulphur, 
I  thii  prismatic  form  if  a  fnigmeut  of  piisniatic  sulphur 
p  introduced,  aud  in  a  third  crystalline  forui  if  the 
pitum  of  the  vessel  l»e  rubbed  with  an  iron  rml.  The 
lipnomenon  of  supersatu  ration  is  well  shown  by  hot 
iturated  so!nti<JUS  either  of  sodium  sulphate  or  sodium 
t«^tjite.  After  cooling,  the  excess  of  the  salt  may  l>e 
lade  to  crj'stallize  by  adding  a  solid  fragment  of  tlie 
r»)i)*>r  salt  to  tln'  supersaturated  solution. 

!2fM).  Ilcnt -changes  on  Fusion  and  SoHilificatloii. 
^By  the  second  law  of  fusion  above  given,  change  of 
fate  is  not  accompanied  bj-  any  temperatnre-change. 
bnseqiienilr  since  the  heat-euergj'  which  enters  a 
pdr  io  ordor  to  melt  it  does  not  increase  its  kinetic 
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energy,  it  luuBt  l*e  Htored  np  iu  the  boclv  kh  |>oteutul 
energy,  this  hrat  boing  all  expended  in  doing  intenuJ 
work.  When  re-Koliditied,  thin  potential  euerg}'  reap{}eiint 
HK  hfnt  and  cuuhoh  n  rish  in  tenipernture.  Since  a  liqtiiil 
wmtainti  more  euorj^y  thnii  the  corresponding  solid,  tltt 
process  of  liquefaction  niusst  evidently  be  a  cooliug 
operntiou,  and  that  of  Kolidifioatiou  a  warming  one. 

KxpKRiMKNT. — Thu  plit^uonii'uon  of  surfuBion  ia  weU  &boiiii 
mt^ltin);  forty  or  fUty  jirrams  of  sodium  tliioetuIphuU.*  in  a  flask,  cork 
thr    tla.sW,  imd    thou    ullowiug    Iho  whole    to   cool    to    tlio  onlu: 
leiupcrAtun;.     The  Milt  will  remain   in  the  liquid  condition,  in  the 
9urfiiKi>d  Matt*.     Bill  ii)h)ii  dropping  in  a  fra^nent  of  ihio^ulphfttt, 
ttiv  whole  will  Imhh)uu-'  «oIid,  evolving  u  surprising  amount  of  bou. 
An  analuf^uus  exitoriuiont  mudu  with  stKlium  siilphute  or  acetate  is 
Nituraled  or  nearly  saturated  solution  in  much  the  same  way,  will 
:ihow  iho  prtMhii-tion  of  h«'aT  in  connection  with  the  phenoiu«DOD  of 
fiuporsainrntioii. 

:MI7.  Hent  ol'  Liqiieraetioii. — The  heat  of  liqnebc- 
tion  of  a  solid  snbstauco  is  the  amount  of  beat,  measnreil 
in  heut-nuitH,  which  is  required  to  change  unit  ma»i  of 
that  KubHtauce  into  a  liquid  under  the  atmof<;pheric 
pressure  without  alteration  of  its  temperature.  T1uj( 
constant  has  its  highest  value  in  the  eaae  of  water;  auil 
therefore  careful  experiments  have  been  made  to  deie^ 
mine  it  aemrately.  According  to  BuuHeu,  the  heat  of 
liquefaction  of  ice  is  80*025  heut-units  ;  i.e.,  one  gram  of 
ice  at  0°,  iu  changing  to  water  at  0°,  absorbs  safhcienl 
heat  to  raise  80025  grams  of  water  one  degree  l:»etweea 
0'^  and  4". 

ExpKaiMENT.— Mix  300  grams  of  ico  at  0*  with  500  grams  of  w»icr 
at  80^.  When  the  ice  has  all  nu-ltcd,  the  temi>crfilure  of  the  liquid 
will  be  fttill  7.4TO.  provided  that  no  heat  l»c  lofti.  In  this  case  ACQ 
grams  of  water  ha«  c4K>Iud  through  80',  losing  40000  heat-units,  bf 
which  ."ioo  grams  ic«*  hiw  been  meltttl.  Hence  ho  heat-unlU  Iu* 
been  required  to  melt  one  gram  of  ice  without  altering  ila  tempvni' 
ture.     This  is,  therefore,  the  heat  of  liquefaction  of  ice. 

Ijiquefaction  by  solution  is   also  attended  ^vith 
aorptinn  of  heat.     If  ammonium  nitrate  be  dissolveti  in 
an  equal  niaas  of  water,  both  at  10%  the  temperature  fall^ 
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Ko  —  IS**,  If  three  parts  of  sodium  sulphate  i*t  10"  be 
ilissoWed  ill  two  pai'tK  of  dilute  nitric  a<ncl  alsn  at  10^, 
a  "temperature  of  —  19°  is  oVitained.  If  r»ix  parts  ftodinm 
Hxilpliiitr,  five  parts  aiumuniuin  nitrate*,  and  four  jjartH 
ililnttj  uitric  acid,  all  at  10°,  be  mixed,  a  temperature  of 

—  2G'  results.     Nine  parts  sodium  phosphate  and  oue 
*>^   Jiltite  nitric  aeid   mixed   at  10'^   j>rodn('o    ;i    cold    of 

—  iiO''.      Hence   such    sidutiims    have    been    frequently 
**«ed  jts  freeziug  mixttires. 

21IH.  FiisIiij;  Point  ol'  Mivtiires. — Mixtures   of  two 

*Jf  more  solid  snbstauces  have  fusinj^  ]>niut^  which  are 

frequently  mudi  below  that  of  either  of  their  constitn- 

fiuts.    Thus  an  alloy  of  live  parts  of  tin  and  ime  of  lead 

Hielts  at  194^.     An  alloy  of  one  part  of  eadmiimi,  one  of 

tia,  two  of  lead,  and  four  of  liismutJi  melts  at  TO"*.     A 

mixture  of  potassium  and  of  sodium  chlorides  fuses  at  a 

loAvj^r  kem])erature  than  either  salt  alone.     The  use  of  a 

mixture  of  potassium  and  sodium  t-arbonates  as  a  flux 

1&    iniueral    analysis   depends    U}Km    this   principle.     A 

Tuixture  of  ice  and  salt  fuses  at  —  22";  and  hence  liqueiies 

^itl  great  absorption  of  heat  at  all  temjHiratures  above 

thU;  whence  its  use  as  a  freeziuf;  mixture.     Gutlirie  has 

"lowii  that  for  ever^*  salt  there  is  a  minimum  tem]>era- 

tntf  lielow  which  no   aqueous  solution  of  that   salt  can 

^•^"*L     And  he  calls  that  particular  strength  of  solntion 

*oicJj  requires  this  lowest  tem]>erature  for  its  solidifica- 

"*>'!    a  cryohydrate.     Sodium  chloride  cryohydrate,  the 

"■5"  formed  in  a  mixture  of  ice  and  salt,  solidifies  as  a 

*'''«*leat  -22°. 


HEATS  OF  UQCEFACTION. 


Substnnc«.  Ileat-uniU. 

***ter...    HO-()25 

^limu  nitrate  . . .  030 

^/*t4u«inm  nitrate..  474 

^*^c 28-1 

^•'l^r.      247 

''^^•i  ,  ...  14*2r> 


SubsUiiice.  Heat-unitfi. 

Bisiinith 12"0 

Lnline   11'7 

Suljdiur 9'4 

Lead 5*4 

riiosphorus 6'0 

Mercury 282 


306 


PU7BIC3. 


2ttO.  Molooialur  DeprcHHioti  of  the  Freoziug  Polut 

— Although  Blagden  observed  iu  1788  a  relation  betwwa 
the  streugtb  of  a  solution  niui  its  snlidifying  ttini..;.- 
ture,  it  wa8  not  until  1882  that  Baoult  ilisoovei-i  i 
general  law  that  all  equiinolecular  solutious  have  the 
same  point  of  solidificution.  If  n  molecular  m.i-  ' 
any  substance  be  dissolved  in  w  grams  of  a  given  - 
and  if  d  be  the  deprension  of  the  freezing  point  of  Uii* 
srdvent  thence  resulting,  we  have  J  =  rn/ir;  where  r  it 
a  constant  depending  only  on  the  solvent  employed.  If 
p  grams  of  a  substance?  l>e  thus  dissolved,  then  p  =  nm, 
iu  which  fa  is  the  molecular  mass ;  aud  J  =  rp/tntc  tir 
tn  =  ?7>/Jir.  8o  that  since  p  and  w  are  known,  tbe 
molecular  mass  of  the  substance  may  be  obtaiued  bv 
determining  J  aud  r.  A  thermometer  graduated  to 
OOl*  serves  to  ascertain  the  fi-eezing  point  of  the  sulo* 
tion.  And  by  observing  the  depression 
produced  by  a  substance  of  known  molec- 
ular mass,  we  obtain  r  from  the  equatitm 
r  =  Aw/n, 

Beckmann*s  form  of  apparatus  for 
determining  the  freezing  point  iti  shovii 
in  the  figure  <Fig.  10')).  A  hai\l  {^las* 
tube  A  two  or  three  centimeters  in  diiiru- 
eter  is  provided  with  a  lateral  branch  fi 
wliich  i;an  be  closed  with  a  cork.  In 
this  tube  is  placed  the  thermometer  Dx 
and  a  wire  of  platinum  for  a  stirren  Tha 
lower  half  of  this  tiibe  is  enclosed  in  % 
wider  tulte  li,  and  is  lield  in  its  pliwc  bv 
a  cork.  The  whole  i«  placed  iu  a  beaker 
^'eoutaiuiug  the  freezing  mixture.  Ahnat 
Lj  or  '20  giams  of  the  solveut  i>  ]dac*Ml  ui 
the  tube  A^  aud  ita  freeziug  point  i^ 
ascertained.  A  known  mass  of  the  sub- 
stance is  tJien  added  and  a  second  deler- 
miuatiou  is  made.  Tlie  difTerence  is  the  depression  of 
the  freeziug  point  due  to  the  known  mass  dissolved. 
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(h)   FaporizatioTu 

n€K>.  Vaporization  of  Sullds.— Siibliinatiou. — When- 
ever tho  boiling'  point  of  a  sul»stauc'e  is  below  itH  fuKing 
Vw'iiit,  it  sabUxnei ;  that  is  to  say,  it  pasKes  directly  into  the 
i'oinUtiou  of  vapor  without  previously  becoming  a  liquid. 
Thr  pressure  at  which,  for  any  substance,  tlie  boiling 
lH)int  of  itrt  liquid  and  the  melting  point  of  its  solid  coiu- 
(itle^  i»  called  the  fasing-poiut  preftsure  for  that  sub.stuuce. 
Mace  a  liquid  can  exist  _at  any  temperature  only  wheu 
tlie  presHure  upon  it  is  gieatfer  than  the  pressure  of  its 
^*afMir  at  thut  temperatuiv,  it  is  clear  tliat  a  fusible  solid 
tiacler  a  less  ]>re88are  than  the  vapor  pressiire  at  the 
fnaiug  point  cannot  be  melted,  but  on  heating  will  sub- 
jicu« ;  i.e.,  will  pass  directly  into  the  state  of  vajior.     So 
•**^t  a  solid  body  will  evaptirate  without  fuHinfT^ion- 
^®T  the  pressure  upon  it  is  less  than  the  vapor  pressure 
•^   tile  fusing  ppint.__  If   the  fusing-poiut  pressure  of  a 
•^'"Stance  is  greater  than  the  atmospheric  prejguro,  it 
**oHine.s  on  heatinj* ;  and  in  order  to  fuse  it  the  pressure 
'I*^'ii    it    must    be    increased.     Arsenic,   arsenous  oxide, 
'^*l  L'arlwn  dioxide  are  examples.     The  vapor  pressure 
*'  *^arbon  dioxute^t  its  fusing  point  (—  65*")  is  three  at- 
, '*^|»heres  ;  and  hence  under  any  less  pressure  it  suh- 
^'^^H.     Conversely,  if  the  fusing-iK>iut  pressure  is  below 
"^  atmosphere  pressure,  non-fusibility  is  secured  only 
fedncing  the  pressure.     Thus  the  fusiug-point  presa- 
^^^  of  mercuric  chloritle  is  420  mm.,  that  of  iodine  is 
^  mni.,  that  of  benzene  ia  85*6  mm.,  and  that  of  ice  is 
^■^  mm.     Ice.  therefore,  cannot  be  melted  if  the  press- 
^*h*  upon  it  is  less  than  4-G  mm.  of  mercury. 

:>OJ.  Va|»orization  of  I^iquids, — The  j>rocess  of  con- 
^erliug  a  liquid  into  a  va}>or  is  also  called  vaporization. 
The  production  of  vapor  may  take  place  solely  from  the 
surface  of  the  liquid,  or  it  may  take  place  throughout  its 
mass.  In  the  former  case  the  vaporization  is  effected  by 
raporation;  in  the  latter,  by  eballition.  Liquids  which 
TBporate  readily  are  called  volatile  liquids;  in  <listiuc- 
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tion  from  those  which  ilo  Dot,  wliich  are  said  to  be  fixed. 
Alcohol,  for  example,  Ih  a  volatile  liquid,  olive-oil  \a% 
rtveil  oue. 

Wheu  a  volatile  liquid  is  placed  in  h  vessel  devoid 
of  air,  lit  ctrdinarv  temperatures,  the  productiou  of  Tap>r 
begiuH  at  once.  The  space  above  the  liquid  is  rftjiidly 
tilled  with  the  rectilinearly  moving  molecules,  the  tot^ 
kinetic  energy  of  which  caunes  a  proHsure  upon  the^olk 
of  the  vessel  and  so  partially  destroys  the  vacuum. 
Equilibrium  will  of  course  be  reached  when  the  num- 
ber of  molecules  which  puss  out  of  the  liquid  in  a  ^jiveu 
time  is  the  same  as  the  number  which  pass  into  it  The 
pressure  above  the  liquid  thus  produced  by  the  evapora- 
tion depeuds  only  upon  the  volatility  <»f  the  liquid  used 
and  upon  the  ten)perature  at  which  the  experiment  is 
performed.  Thus  if  water  be  the  liquid  and  20°  the 
temperature,  the  pressure  exerted  by  the  vapor  would 
be  about  23U0O  dynes  upon  each  square  centiiueji?r.  and 
would  support  a  mercury  ooluuiu  17*4  millimeters  higb. 

Exi'KRiMENT. — Fill  a  barometer-tulje  with  mercury,  invert  h  bi 
it£  reservoir,  and  by  meHiis  of  a  curved  pipotie  pass  n  few  (1rop«af 
ether  up  into  the  vacuum  above  the  mercury.  The  ether  will  «l 
onco  evjipomte.  its  VH|K>r  will  produce  pressui'e,  and  this  pt^rwirr 
will  depress  the  eolumn  of  mereury.  If  the  ether  be  in  exeea»Miit 
be  pure,  and  if  no  Hir  be  present,  this  depression  at  30"  will  be  About 
4t)2  millimet4;rs. 

By  pivparing  four  such  Uilx's,  ami  by  passing  C'tlier,  alcohol.  And 
water  into  three  of  ihem  respoetively,  leaving  the  fourth  for  com- 
parison, the  differences  in  the  vajwr-pressures  of  those  liquids,  as 
measured  by  iho  depressions  pmduood,  even  at  the  same  temper' 
rtlure,  niuy  be  clearly  noted. 

302.  Point  ol"  Ebullitlosu^— A  vapor  thus  continuallr 
in  contact  witJi  its  liquid  is  called  a  saturated  vapor.  JSA 
the  temperature  is  iucreased,  tJie  pressure  of  a  saturated 
vapor  increaaeB  until  finally  it  attains  the  pressure  ^f 
the  atmosphere.  The  jioiut  of  temperature  at  wliich  the 
saturated  vapor  of  a  liquid  exerts  a  pressure  equal  to 
that  of  the  atmospliere  is  the  normal  boiling  point,  or 
point  of  ebuUitiou  of  that  liquid.     Since  at  tluB  temper- 


MOLSCVLAH  KINKTIC  KSSUUY.-UKAT. 


311 


ture  tbe  eliisticity  of  the  A-apor  is  the  same  as  tlmt  of 
bie  atnit>Hj)Lere,  the  productiou  of  vapor  cau  go  ou 
Diroughout  the  eutire  inaHis,  aud  thiiH  give  ritje  to  tlie 
active  escape  t>f  l>nl>V»les  characteristic  of  ebullition. 

tt03.  Pre»»mv  of  Aniit*oiiH  Vapor. — Ou   account    of 

itH  itiipurtHuce  water-vapor  has  generally  beeu  takeu  as 

the  typical  vapor,  auil  ha?ri>eeu  carefully  studied*     Tbe 

most  accurate  investigations   x\\Mm  the  prertsure  of  aqne- 

inw  vapor  have  beeu   nnido  by  liegnault,  who  studied 

separately  the  value  of  this  pressure  (1)  at  teui]>eraturea 

Wtween    -  32"*  to  +  r>0°  and   (2)   between   +  50"  aud 

30'.     For  the  low  teuiperatures,  he  employed  a  couple 

rf  barnmeter-tubcK  enclosed   in  a  jacket  by  means  of 

irhich   they   ndght   be   heated.     One  of   these   had  the 

(HUiil    vacuum   iu   it»   upper    part,   the   other   contained 

rftter  above  the  mercury.    So  that  by  noting  the  de- 

)re!i4i(iu  of  the  column  and"  the  tem|>erature,  the  preHs- 

im    wiis    at    once    obtained.     For    liigh    teiiii>eraturea 

Uj^ault  made  uue    of   the    principle  that  the   vapor- 

]  '    of  a  liquid  at  its  boiling  point  is  equal  to  tho 

-ure  to  which  the  liquid  is  subjected.     A  cylin- 

ical  boiler  waa  oouuected,  b}*  means  of  a  long  neek 

pi   cool    by    water,    with    a    spherical    reservoir   into 

Ixich   air  coukl   l>e  eompres>>ed.     The  temperature  of 

e  water  in  tlie  boiler  was  measured  by  thermometera 

lid  th**  prt>ssure  iu  the  balloon  by  a  manometer.     The 

*Kulti^    were    cnrcfully    corrccttnl    for    latitude    and   for 

eight  above  the  level  of  the  sea,  aud  were  then  plotted 

'  i  ;t!ly.     They  are   usually   given  iu  tabular  form 

It.  .ig  the  pretssuro  in   miilimetors  of  na-rcury  or 

b  dyueH  per  square  centimeter  at  tlie  latitude  of  Paris 

r  each  degree  of  temperature  between  the  extremes 

il>oV4>  Uftted. 

304  I*rr7»i!nirr  wl"  otiicr  Vapors, —  Regnjiult  expen- 
ented  with  other  vapors  also,  and  the  results,  expressed 
flyues  per  square  centimeter^  iu  the  latitu<le  of 
^l^i»,  are  given  in  the  following  tabic,  for  alcohol,  other, 
airboD  disnlphide,  and  chh^roforra  ;  lluit  of  water  being 
ildt^l  for  comparison. 
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VAPOK-PUESSURE 

OF  VOLAHLE  LIQUIDS.             ' 

"^ssr-  ^'«*'- 

Alcohol. 

Btli«r. 

C*.rttoa 

llUUlphldA. 

ChWtifwm 

-30 

138U 

4455 

919    X  10' 

631     X  10* 

-  10 

2790 

86ao 

1-53    X  10* 

1058X  10* 



0 

6i»a 

16940 

2-46    X  I0» 

1  706x  10* 

lU 

ie*»ao 

a'i3io 

3  820  X  10* 

2  648  X  10» 

20 

2311#0 

59310 

5773  X  10* 

3  975  X  10" 

3141  X  Iff 

80 

4ai>r»(» 

1048X  I0» 

8'048  X  10* 

5;99x  io» 

a-301  ■/,  iir 

40 

73300 

V-mx  10* 

1-aioxio* 

8  240  X  10' 

4'9a;  X  in» 

50 

1  2i0xlO» 

2  933  X  10^ 

1  687x  10* 

1  144X  10* 

714   yW 

60 

1-985  X  10* 

4  671  X  10^ 

2  301  X  10* 

1-554  X  10* 

1  -.- 

do 

4  739  X  10» 

row  X  10* 

4  o:(l  X  10» 

2  711X  10* 

1  -  • 

100 

I  0!4  X  )0« 

:i-J6ri  X  10- 

6-608  X  10* 

4-485  X  10* 

3  24    X  lO* 

ISO 

1-988  X  10- 

4  3t     X  10* 

1-029  X  10' 

0-87    X  10* 

5  24    XIO* 

•)05.  VttiHir-pr«*H.surt»  of  Solutions. — Tlie  vupor-pre^ 
ure  of  rt  solution  is  less  tluiii  tliat  of  the  ])nre  tsnlveut. 
Babt)  (1848)  showed  that  this  loweriugof  vaj)nr-pressare 
•a  proportioual  to  the   amouut   of   the    dissolved  sob* 
btauce ;    aud  further  that  for  a   given    solution   ami  a 
given  temperature,  the  depression   is  alwavs  the  smidkj 
fraction  of   the   vapor-pressure   of   the  solvent  at  \M* 
temperature.     Eaoult   (1887)   further    proved    tliat  tli*» 
relative   depression   varies   inversely  as   the  uio]ei'ul»r 
mass.     Whence  he  deduced  the  following  laws ;  (I)  TU 
molecular  lowering  of  vapor  pressure  produced bj 
all  substances  in  tlie  same  solvent  is  coustaut;  aiitl 
(2j  The  relative  lowering  of  va()or-preKsure  »)f  any 
solution   is   equal    to   the    ratio   of    the    number  of 
UKilecules  of   the   dissolved   substauce   to  the  UiitA 
number  of  molecules  iu  the  solutiou,     (Oiitwaltl.) 

:SOO.  Evaporation  ititoAlr.—OHltoiiN  Law. —  Experi- 
ments n)ade  by  Dallou  led  him  to  conclude  that  tlip 
amouut  of  evaporation  is  the  same  whether  the  »^Kt 
-above  the  litjuid  contains  air  or  is  void  t»f  it;  ami 
Lence  that  the  vapor  pressure  jsj—tlifL  flame  iu  a  spacf 
iilled  with  air  as  iu  a  vacuum,  at  the  same  teraperutur*'. 
This  statemeut,  whicli  is  known  as  Dalton'a  law,  lias 
been  modified  by  Re^i^ault,  who  has  shown  the  joiut 
pressure  to  be  slightly  less  thau  the  sum  of  the  press- 
ures, owing  to  the  attraction  between  the  vapor  aud  the 
air. 
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ExpEHiMRNT.— Intnxiuco  iuto  A  closed  itpaeo  QlliU  with  dry  nir  & 
dropft  uf  a  volattk*  liquid.  Thu  liiitnd  will  evii[Kirute  niid  ihv 
Ksurc  in  the  spiico  will  lx<  nenrly  the  hum  of  llio  |>r(>s.suri'3  uC  the 
■  nil  ttt«  VKpfiir.  Thus  if.  for  exuniple,  the  air-presHurc*  is  70  cpiitU 
icr»,  iiiui  MJi-ter  be  iiitriniucvU  »X  the  (eiiii>eri»turo  of  20',  it« 
or-pwiwurt'  beinj;  IIumi  1*74  tmiiiued'rs,  ilif  totnl  iirt'Hsuru 
lin  Iho  sjiiire  will  be  77'74  ceiitimrU'is  ueaily. 

The  sunie  jmuciple  rti>|>lies  to  the  mixture  of  two 
lora  provided  that  they  have  uu  mutual  action  upou 
(h  <»ther.  Thus  a  mixture  of  heuzene  and  water  or  of 
rhon  diiiulphide  aud  water  gives  a  vapor  whose 
BHHure  in  the  sum  of  the  vapor-pressures  of  the  con- 
iUi*uU;  but  a  mixture  of  tether  aud  water  gives  a 
|Kir-pres8ure  scarcely  j^reater  than  that  of  ether 
t»tte. 

;*07.  Sa(iirut«f<l  uihI  t  unsaturated  Vapors. — A   vajK»r 

contact  with  its  titjuid  in  called  a  saturated  viipor, 
K^ttuse  umler  these  circumhtances  evaporatiou  g(»es  f»u 
&tii  tlie  laaiimum  ])reM.sure  for  that  temjKirature  ih 
ttclicd.  If,  liowpver,  the  liqr.id  he  not  in  excess,  it 
i«y  wholly  evaporate  without  producing  sufficient 
kpfjr  tt>  exert  the  maximum  pressure  withiti  the  space 

ficcQpies.  Such  a  vapor  is  called  an  unsaturated 
kl»nr;  or  if  the  pressure  wiiich  it  exerts  is  but  a  small 
irt  of  the  maxintutii  pressure  for  that  temperature,  it 
called  a  gat.  A  vapor  may  therefore  be  detiued  as  a 
i\pitiH.ting  at  a  temperature  at  which  the  maximutu 
"Kfiure  is  but  slightly  greater  thau  the  actual 
Cinaare  upou  it.  A  ga>i  ma}'  be  defined  as  a  vapor, 
intiug  at  li  temjierature  su*di  that  the  actual 
^Htture  upon  it  is  very  much  less  than  the  maxi- 
Itn  pressure.  Thus  we  call  sulphur  dioxide  a  gas 
Ctanjte  the  pressure  under  which  we  ordinarily  src  it, 
ift  the  atmospheric  pressure,  is  greatly  less  tbau 
ituum  pressure  for  the  same  temperature  were 
at^ul ;  i.e.,  about  four  ami  two-thirds  atiuospheres 
Wo  call  steam  a  vapor  because  the  maxiuium 
ore  At  ordinary  temponitures,  0*023  of  om^  atmos- 

re,  is  much  less  than  the  atmospheric  pressure, 
tly  if  au  uusaturati'tl  vaj>or  bo  eompresned,  the 
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pi*eMsure  exerted  bj  it  will  coutinaallj  iucrease  nuti)  ^ 
maximum  preHKure  in  reached.  SnbReqneut  comprei^aui 
will  diiiiiiiish  the  volume  only  by  rediuaug  h  %^i\v\-  -■■ 
iu^  aiuoiiut  of  vapor  to  the  ^tnte  of  liquid.  M> 
au  nusaturuteil  vapor  may  he  couverted  into  a  satunteil 
one  by  a  chaupe  of  temperntnrft  as  well  h«  by  a  fliauKif 
of  pressure.  Siuce  the  Viqior-jtressure  is  a  functiou  itl 
the  temjwrature,  we  may  cool  the  unsaturated  vap«»r 
or  gas  dowu  to  a  tem}>erature  at  whicli  the  pre«sun 
upou  i(  is  ei£ual  to  or  exceeds  the  muximum  preGsurc 
Thus  the  iiiiLxiiniiiii  pressure  for  ammouia  at  2<>^  i« 
nearly  nine  atmospheres,  while  at  5°  it  is  only  aKint  five 
and  a  half  atmospheres.  A  mass  of  this  (j;aH  under  a 
pressure  of  sevou  atmospheres  would  be  unsaturate*!  al 
20",  would  be  saturated  at  about  12",  and  if  cooled  t>.V 
wtmid  deposit  as  liquid  a  quantity  of  vajxir  rej>resente*i 
by  the  excess  of  Lme  and  a  half  atmospheres  (321  i. 

;I08.  Continuityoi'tlie  GuseousaiKl  Liqtiiil  Statrx- 
Critieal  Tennieratiire. — Andrews  has  thrown  mucii  lifihl 
upou  the  relation  existing  between  the  liqtiid  ami  the 
^aaeouH  states  of  matter  by  showing  that  tliere  is  for 
every  vapor  a  definite  pi>int  of  temperature  above  wLich 
no  pressure  however  preat  can  convert  it  \i\U*  a  liquid. 
This  point  is  called  the  critioal  temperature.  For  exam- 
ple, the  critical  temperature  for  carbon  dioxide  is  3()'92'. 
And  Andrews  found  that  an  Idle  no  liquefaction  was  \wm- 
ble  at  31-1',  the  ^as  liquefied  at  21-5°  under  a  pressun* 
of  sixty  atmospheres,  and  at  13-1°  under  forty-ninr  atim»«- 
pheres.  Moreover,  at  the  temperature  of  ;^(*'l>2"  ami 
under  a  pressure  of  73  atim»splh*res  the  gas  is  said  t'lli^ 
iu  the  critical  state.  Heated  a  little  i^  is  cerUiinly  gas- 
eous ;  CLM)led  a  little  it  is  as  certainly  liquid,  since  il  is 
far  less  ctimpressible.  But  if  the  pressure  be  maiutaiued, 
the  transition  from  one  to  the  other  is  not  recognizable- 
Tliere  is  a  perfect  continuity  betrween  the  liquid  and 
gaseouH  stat<^s  at  all  temperatures  alwA'e  the  criticJil 
poiut  Vapors  above  the  critical  temperature  are,  there- 
fore, permanent  gases. 
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(M>.  Dcualt>  4kl'  Cjasom  and  VuiiorM. — The  deuMity  of 
i>r  a  vapor  Ih  tletined  a»  tlie  aiuouut  of  mutter 
,  is  t'oiitaiiied  in  the  unit  of  volunie.  But  Hiuce 
aii<l  vrtporh  ure  hi^Iilv  susceptiMe  to  lieat  aud 
S  it  is  important  iu  utatiu);  the  density  to  fix  accu- 
f  the  temperature  an*!  j)resrture.  For  giiaes  the  iuhhs 
ftnis  of  t»ne  cubic  c**utimetor  at  0"  and  under  a  mega- 
prenaaro  i»  called  the  absolute  density.  Relative 
itv  i«  the  ratio  of  the  abaolute  density  of  a  gas  or  va- 
o  that  of  air  i>r  of  hydrogen.  The  most  accurate  de- 
inatious  of  gas-density  iire  those  of  Keguault  The 
Ui  be  examined  was  contained  iu  a  glasB  globe  of 
ru  I'apacity,  suspeudeil  toone  arm  of  a  sensitive  bal- 
T«»  the  otlier  arm  was  hung  a  similar  globe  having 
anie  didplaeementand  serving  as  a  tare.  The  furnnM* 
a  ^viLH  exhausted  to  a  known  point,  then  filled  M-ith 
[MS  and  Aveighnd.  By  dividing  the  known  nmsH  of 
;afi  by  its  known  vtihiuie  the  mass  of  one  unit  of  vol. 
ie.,  the  absolute  density,  was  obtained.  Obviously 
(Uotieut  of  the  absolute  density  of  any  gas  divided 
lafc  of  air  or  of  hjdrogen,  is  the  relative  density  i>f 
g&fi  referred  to  the  air  or  to  the  hvdrogru  stiindaid. 

I—  ,._.  ■ 

■.  ...    -ooriTriD 

fku OOHIO? 

3gen •(H)12393 


ramc  of  Qtt. 


DENSITY   OF  OASES. 

Alwultilt* 


Uelnlive  Dcnj^ltv 


rogeti '(M1(MlhS:n 

►on  dioxidi: Odli^'tiH* 

K>u  monoxide. ....  'OOl'ilTy 

sh-gas .,  '000717:5 

jjuje •(M)r-tOiM)9 

■eu  monoxide....  *0019433 

^      dioxide -001:^254 

mrous  oxide..-.  fMHir.'JilO 

^en -0022990 

il  gaa -oorj-vio 

ocMiyr.jH 


Ail. 

1 

M057 

0-9713 

OO^VJS 

1-5291 

0-954.') 

0'r)622 

2-4225 

l-62:il 

103Hh 

2-115 

18019 

(»-9Hl9 

0-5952 


14-44 
15-9(t 
14-02 

1 
22-OH 
13-78 

8117 
34.98 
21.99 
14-99 
30-54 
2601 
1417 

8.59 
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It  will  be  observed  thai  the  ratio  of  the  above  deiud« 
ties,  referred  to  liydmgeL,  is  idso  the  ratio  of  the  mi 
iilar  maHHOs  of  tLe  gauen  mentioned ;  iu  accordance 
Avo^'adro's  law. 

Relative  vapor-densities  are  of  importance  for  filing 
molecular  masses,  since  in  the  condiiioD  of  Tttj>or  tL« 
molecular  mass  is  twice  the  density.  The  experi- 
mental niethrxl  consists  iu  detenniuing  either  the  toI- 
ame  occu}>ied  by  a  known  mass  of  the  vapor,  or  the  niAtt 
of  the  vapor  which  occupies  a  known  volnme.  In  Hof- 
manirH  modification  of  Gay  Lussac's  methtnl  a  LnowD 
mass  of  the  liquid,  contained  iu  a  small  stoppered  halb, 
is  passed  up  a  barometer-tube  into  the  vacuum  above  tliA 
mercury  (FIr.  106).  The  upper  j>ortion  of  the  tube  i» 
surrounded  with  a  jacket  into  which  the  vapor  of  t 
liquid  of  definite  boiling  point  may  bt 
blown,  so  as  to  maiutain  the  tnl>e  at 
a  sufficient!}'  high  temperature.  TL« 
liquid  in  the  bulb  vaporizes  and  tie- 
presses  the  mercurial  column,  the  vfJ- 
ume  occupied  by  the  vapor  being  rewl 
off  on  the  graduated  tube.  The  tern* 
perature  and  the  atmospheric  pressaro 
being  noted,  the  relative  deusitv  is 
easily  calculated,  being  the  inverse 
ratio  of  the  volume  of  the  vapor  to 
that  of  the  same  mass  of  air  or  of 
hydrogen  at  the  same  temperatnre 
and  pressure. 

In  Victor  Meyer's  method,  the  vol- 
lime  of  vapor  produced  from  a  known 
mass  of  the  substance  is  determined 
from  that  of  the  air  which  this  vnpt>r 
di8|»laces.  His  apparatus  consists  of 
a  cylindrical  bulb  a  iFig.  107)  having 
a  long  stem  c,  provided  with  a  lateral 
delivery-tube  and  closed  at  top  by  a 
rubber  stopper  d.  This  bulb  is  placed  in  the  outer 
vessel  ft,  containing  the  yavor  of  a  lii\uid  of  definite 
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iling   paint.      After    equilibrium   of   temperatnro 

ttained  and  air-buliblefl  ceasn  to 
Ape  frow  tlie  tleliven-tubo,  the 
pper  is  removed  and  a  kuowu  mass 

f  the  subHtance  is  dropped  in.  The 
fapor  prtxlufed  exj>eli3  au  equal  vol- 
%me  of  air  at  its  owti  temperature  ; 
Mid  this  cooled  to  that  of  the  outer  air 
is  collected  iu  the  graduat<>d  tiibe  c. 
The  quotient  of  the  mass  of  the  sub- 
l^tnuce  divided  by  the  volume  of  the  air 
*'\p*-Ued,  reduced  to  normal  pressure 

and  temperature,  is  the  mass  of  uuit 

volume ;  i.e.»  is  the  density. 

For  high  temperatures  the  method 

*^f  Dum<is   is    usually   employed.      A 

UlasH  gjolie   of    known   volume   whose 

**c]t  is  drawn  out  to  a  fine  jKiint,  is 

**'^imed,  and    the   point   immersed  iu 

'"•"  /iqui<l  to  be  vaporized.  The  li<piid 
*nioh  is  thus  dniwu  into  the  ^lobe  ou 

'*'injr  in  converted  into  va])or  by 
"'^Ciiug  the  whole  in  a  suitably  heated 
''H.      When   vapor   ceases    to  issue 

*»a  the  plobe,  the  ]»oint  of  the  neck 

**^ttled,  the  temperature  and  press- 
^  being  noted.  The  increase  in  the 
"^^ht  of  the  globe  gives  the  muss  of     p"!©  io7. 

*    vapor  it  c<mtains;   and  the  ratio  of  this  mass  to  tliat 
^he  same  volume  of  air  at  the  given  tem|)erature  and 
^^SBUre  is  the  relative  vapor-density. 

RELATIVE   VAPO It. DENSITIES. 

SubsUuitx!.                               To  Air.  To  Hytlrctccn. 

"Water 0-6225  8*981) 

Alcohol 1-6138  23-302 

Acetic  acid 20800  30-035 

Ether .    ...   2-5860  37-342 

Beuzour 2  7290  39-436 
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To  tljdi^n. 

38190 
63-814 
32-201 
99'05a 
125-9^ 


Rklativb  YAi'uu-DBNAniBtf— CSra^tMrf. 

Siibstanri'.  To  Air 

Carbou  disulphide 2-6447 

Plioapliorus 4*35 

Sulphur 2-23 

MfTcurv    fi'8f5 

IcHline.'. 8-72 

aiO,  On  tlio  LnwofWHtt.-nistnirttioii.— When  two 
veHsels  contuiniug  tli«  same  liquid  at  ditrtToiit  temptr- 
atares  are  counected  together,  the  va|H>r-pre8sare— 
which  iH  ideuticiil  iii  both  of  them — is  the  preAsiue 
oorre 8 ponding  to  the  lower  teinpernture.  This  fiicli 
which  is  kuowu  as  the  law  of  AVntt,  is  callable  of  im- 
portant applications.  If  one  of  tlu*  vessels  lie  exposed 
to  a  source  of  heat,  continual  evaporation  will  take  place 
within  it,  Hiuce  the  vapor-pressure  will  never  reach  its 
normal  tnaiimnm.  If  the  other  vessel  be  kept  at  a  low 
temperatuns  the  pressure  within  it  will  be  leuH,  vnpor 

will  flow  into  it  from  the  fint 
vessel  to  equalize  this  pressan', 
and  will  bo  condensed    withiu 
it.     In  this  waj  bj  evaporutiou 
on  the   one   side  at   a   higlier 
tem|>erHture  and  coudennatiou 
ou  the   other  at  a    lower,  tLe 
whole  of  a  volatile  liquid  iu»T 
be  transferred  from  one  venwl 
to    another.      This   procenii  i« 
cal  led    distillation    and    it    is 
generally  imule  use  of  for  the 
purpose  of  separating  a  volatile 
substjuice   either   frttm  a  uou- 
volatilo  or  from  a  lt*ss  volatile 
one.     Since  at  the   same  tem- 
perature the  vapor-pressure  of 
a  liquid   is  proportional  to  iU 
volatility,  a  mixture  of  two  or 
more  vapors   when  condeufted 
will  yield  a  liquid  ricUevmtlve  iwove  volatile  comstitucnC 
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.'ill.  LlquefacCiou  ol' UiiNOH  In  (^nirrul. — Since  a 
in  fjiily  a  va|>or  at  a  teinjierahire  higher  or  at  a 
l'i<  .^suie  low^tr  tiiun  the  critical  point,  it  is  evident  thnt 
by  iiicr»^a«ing  the  pressure  or  by  dimiiiisliing  the  teni- 
]»eraturi^,  or  botli,  a  gas  may  he  converted  into  a  satu- 
rat4?d  vapor;  which  of  courHe,  by  a  continuation  of  i\\9: 
process*,  will  become  a  liquid.  Tlie  preHHure  required 
Ui  liijuefy  a  gas  way  be  obtained  either  by  generating 
it  in  a  confined  space,  as  in  the  methods  of  Faraday  and 
Thilorier»  or  by  compressing  it  b}'  meatift  of  a  condens- 
ing  pamp,  as  in  that  of  Natterer  (Fig.  108). 


CKniC  AL  'rEMPERATlKE.S  AND  PICESSLRES. 
Kiuiu^  of  Oas- 


Criiiciil 
Teiupenituiv 

Solphur  dioxide 165'4^ 

Ammonia        130° 

CyHnogen  124'' 

Ckrbon  dioxide 30-92'' 

Mamh-gas —    73'5'^ 

Nitrc»gen —  146*0^ 

Oxygen —  140' 

Hydrogen  (calcnlated).. . .  —240 


Critical 
Preasiire 

78-9  atm. 

1150     " 

61-7    " 

73 

35-0  " 
320  " 
13-3     " 


;illS.  I.Uiuoluctiuti  or<).\>geM,  XUrogen.uiul  H.V4tr«»* 

on. —  I'ntil  oxygen,  nitnjgen,  and  hydrogen  gases  had 
KH'ti  co(ded   to  the   critical   temperature,  no  amount  of 

rensuro  conid  liquefy  them.  Hence  they  were  calletl 
^i^rmaneut  gaKi>H.  Air,  for  example,  had  been  compressed 
mill  it*i  density  far  exoeede*!  that  of  water,  without  a 
race  nf  liquefaction.  Faraday  expressed  the  opiu- 
;>d  that  the  critical  temperature  for  air.  t^xygen,  hydro- 
;eu,  nitrogen,  carbon  monoxide,  and  marHh-ga8  must  be 
Kdow  —  16<>  .  In  1879,  Cailletet  in  Paris  and  Pictt»t  in 
leoGva  atuccceiled  in  reiu-hiug  the  critical  temperature 
cir  aeveraJ  of  these  gases,  an<l  hence  in  liquefying  them, 
ti  rriilletet's  apparatuK  the  gas  was  contained  in  a  glass 
iibe  Hurrounded  with  a  freezing  mixture  and  cooled  U> 
29*,  and  wa**  comprossed  by  meauH  of  mercury  forced 
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in  bj  hydraulic  pressure  at  three  hnndretl  Httu06plicr»ft; 
HO  that  when  this  great  pressure,  was  Hn<hleuly  rc^i^icid 
by  opeuing  u  tap,  the  rapid  expauKiou  I'auKf'd  tinvb  ^^ 
presHioii  of  teuiporaturR  that  condensation   into  hqniii 
(Iropfi  took    phice,  the  gas  )Micoming  o})ake    like  ji  fni; 
Ficti't,  howtiver,   operated    on   a    larger  suulu   and  tiL- 
ployed  three  seriea  of  coinpresftion-punips,  the  first  *A 
which  coniprtfssod  sulphur  dioxide  to  a  liquid  at  tlir^ 
ulnioHphereH   when  cooled   by   water,  the    second   com- 
pressed carlK>n  dioxide  to  a  liquid  at  four  to  six  aiiaoi^ 
}»heros  when  cooled  in  the  boiling  sulphur  di"  ' " 

—  fWr,  and  tlip  tliird  roniprcssinl   tlip  gas  expem 

on  to  two  hundred  or  more  atmospheres  when  coolfid  t) 

—  140"  by  immersion  in  the  boiling  dioxide.  By  snf- 
roundiug  the  gas  under  experiment  with  concentric 
tubes,  the  inner  one  oontaining  liquid  oxygen  Iniiliiigsl 

—  181''  under  atmospheric  pressure,  and  the  outer  ttne- 
liquid  ethylen**,  tempenitures  were  obtained  loM  enouj^'k 
to  solidify  nitrogen,  carbon  inouoxido,  iuarsh-g«s,  Aud 
nitrogen  dioxide.  ^Olzewski.)  Solid  nitrogen  eva]>orHtiiifC 
under  a  pr**ssure  of  4  nun,  gives  a  temperature  of  —  225'. 
Hydrogen  does  not  liquefy  at  —  20(r  under  h  pres«tu* 
of  '2(X)  atmospheres;  although  sudden  expansion  undtf 
these  conditions  produces  a  dense  fog. 

:Jia.  l^ws  of  KbullHioii. — Ebullition,  or  boiling, 
takes  jdace  when  vaporization  goes  on  tliroughout  tlift 
entire  mass  <if  liquid.  Tltis  hu]>peus  at  a  tiMuperature 
at  which  tlje  vaj^or-pressure  is  equal  tft  the  air-pres&ore 
which  the  liquid  sup])orts;  so  that  the  boiling  point  i& 
a  function  of  the  air-jiressure  upon  the  liquid.  Wlion- 
ever  a  li*|uid  is  hoited  in  an  open  vessel,  more  rH|iid 
evaporation  goes  on  from  its  surface  as  tJie  temperature 
rises.  Soon  vapor  is  also  formed  on  the  walls  of  the 
vessel  beneath  the  surface;  but  as  soon  as  the  bnhblefi 
begin  to  rise  they  are  at  once  condensed  by  the  c4»ol«r 
liquid,  and  thus  the  noise  called  **siii|^g**  is  produced. 
Finallv  the  liquid  becomes  so  hot  that  tht^  bubbles 
reach  the  surface  without  condensing  and  then  Ui»? 
liquid  boils.     It  is  found  that  for  a  given  preHHure.  nuob 
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for  itistauce  as  that  of  the  ntraospliere,  (1)  every  Hqnid 
Lab  a  definite  boiliug   point,  and  (2)  this  point  re- 

tmaiuH  (M>nstant  after  ebullitiuu  commences,  until 
all  the  liqaiil  has  been  vaporized.  These  are  the  two 
laws  of  ebullition. 

NORMAL  BOILING  POINTS  OF  VAUIOUS  LIQUIDa 


I 


Liquid.  BoiUng  Point 

Sulphur  dioxide -800'' 

Eth vl  chloride 1100* 

Ethyl  oxide  (ether) 34*89'* 

Carinin  iliHulphide ISOfi^ 

Bromine 6300* 

\V(tod-8pirit 65-50° 

Alrohol    78-39° 

Benzene 80*44* 

Water 100^)* 

Aootic  acid 117-28* 

Silict^u  bmmide 153  33° 

PhoBphorns  tribromide 17o'28° 

Sulphuncacid 337*77* 

Mercury aSO-OO*^ 

Tbefie  boiling  points  are  correct  for  an  atmospheric 
presAure  of  760  millimeters  of  mercury. 

314.  CMiiHfA  alTiH'tinf;  the  Doiliri;;  Puiiit. —  Since  the 
boiling  pfiiut  is  a  direct  function  of  tlie  pressure,  it  is 
evident  that  the  boiling  point  of  a  liquid  may  l>e  raised 
by  iucreaidng  the  pressure  and  lowered  by  diminishing 
it 

KiPKRiMESTR.— (I)  Place  a  tall   benker-ghws  contnining  other 
•r  lh<^  lH*11-glnK$  of  nn  nir  pump  nml  cxliHUtft  the  air.     The 
i*r  will  boil  at  iho  ordinnry  itiuperadiro. 

(t)  Place  a  similar  Ix'ukcr-gltus  containing  wntcr  n\  30^  in  the 
BjiliaBfited  boll-glftss.  Tho  WHter  will  boil  uctiroly,  under  n  presAure 
of  98  mm. 

(9)  Boit  water  in  h  lott^-utxikeil  flii&k  iitttil  the  uir  la  expWM 
from   the  Aaiik  and  itB  plneo  h  taken  by  Htcaiu.     Cork  thu   llnKk 


/v/ri*/ca 


tightly  while  the  wntvr  >»  boiling  nod  iiiv«n  it  wUb  tlie 
beiu*n(h    wftt«r    in    a   suitnblo    jar,    as    shown    in    the    fl^w 

(Fig.  lOM).  Ah  the  apparatus c9ob 
Ihc  boiling  will  continue.  By  prior 
ing  cold  waUM'  on  the  fliiek.  the  Ixtll 
ing  is  miidt;  very  active;  by  ptmnng 
hot  water  upon  it,  the  boiling  insuek 
The  apparent  fact  (hat  water  is  tJin 
miulo  to  Iwil  by  cold  and  to  rca«etn 
boil  by  heat  htiA  en  used  the  nasre 
**  culinary  paradox ''  to  be  given  to 
tlii-s  oxpeiiuient. 


rio.  100. 


The  explanation  of  thu 
pheDomenon  is  Tery  sioiple. 
As  the  tiiisk  eools,  the  vapor- 
presHuref  which  is  a  fane- 
tiou  of  the  temperuture,  di- 
miuinhes  ;  aud  of  ronrHe  Uw 
boiling  point,  which  in  a  fuoc- 
tiou  of  tlie  pressure,  also 
diminishes.  The  tiqnid, 
therefore,  continues  to  boil  at 
the  coutiiina1]y  decreasing  temperature.  If  now  the 
vupor-presBure  he  markedly  decreased  by  pr»uriug  ou 
cold  water,  active  el>ullition  takes  place  to  restore  tli» 
initial  pressure  ;  whiJH  if  the  vapor-presauro  within  the 
Aimk  be  iucreaned  by  pouring  on  hot  water,  the  tempera- 
ture of  the  water  iunide  Ib  not  BufHcient  to  caui^  oballi* 
tion  at  this  ]»ressure.  On  the  top  of  Mont  Blanc,  for 
evaniple.  water  boils  at  85''  au<l  at  Quito  at  90° ;  ho  that 
many  culinary  operations  can  l»e  successfully  carried  nu 
tliere  only  under  pressure.  Another  application  of  tlii^ 
principle  is  found  in  the  ao-cnlled  vacuum-pan,  in  which 
sugar-sirup  is  concentrated  to  the  crystallizing  point  at 
a  temperature  below  tiiat  at  wjuch  it  begins  to  char  aud 
become  discolored. 

An  increase  of  pressure,  on  the  other  hand,  raises  the 
boiling  point.  Under  a  pressure  of  two  atmospheres 
water  boils  at  !20'0^,  and  of  ten  atmospheres,  at  180-3'. 
Use  is  made  of  this  fact  in  the  arts  in  the  apparatuB 
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ksowu  as  a  digester.  This  is  essentially  ii  stvoug  boiler, 
iu  which,  along  with  water,  substftuoes  are  pl.-icod  which 
^»rc  tu  be  subjected  U^  the  actiou  of  steam  at  high  teni- 
iratnres  ;  such  as  bones  for  the  extractiou  of  j;elntiii. 

KxrKRiMENT. — Franklhrs  "  pulac-glaHs"  consists  of  a  glass  lube 
twice  at  right  iiiiglof*.  and  liiivin^  a  bulb  on  niob  I'lid.  II  is 
dUed  witb  a  colored  liquid,  ^ay  liti-ohol,  wliiult  is  thi'ii  IxuU^l 
Tiniil  tho  vapor  expels  the  nir,  when  tin*  ai)|)ai*Jitiis  i,<  .soate<l.  When 
cold,  if  one  of  the  buttw  be  held  iu  the  hand,  the  vu|>or  in  iliiLt  bulb 
is  exi)Anded  and  drives  the  liquid  into  the  other  bulb,  afU'rwAitl 
^Hissing  through  it  in  bubble^  i\a  if  it  were  bulling.  Of  course  the 
pbenomonnn  is  entirely  independent  of  the  pulse. 

liXr*,  Cse  of  Uoiliiiu;  Point  to  iiieaHiire  Helitrlits.— 
||yp9>oiu«.*tr>. — It  is  evident  that  by  urjting  tiu*  tempera- 
lure  of  t'buUition  of  a  liijtiid  whose  uoiiual  boiling  poiut 
kiiowu  we  may  determine  the  pressure  to  which  it  is 
Subjected,  The  measurement  of  heights  by  means  of  the 
Itoiling  point  is  also  called  hypsometry.  and  a  hypaonieter 
simply  a  compact  and  easily  transportable  apparatus 
In  which  water  may  be  boiled.  It  is  furnished  witli  a 
lelic^ate  thermometer— reading, ftiiy, to  UUl" — to  indicate 
Ihe  temperature,  tlie  range  of  the  thermometer  being 
mall,  say  lO*^  or  20'^  only.  Tlie  change  of  temjierature 
fc«  roughly  one  degree  for  every  21*3  meters  of  vertical 
•ent  ab<"»ve  the  sea  level. 

:IHK  EITect  of  Coliesion. — Tlie  l>oiling  jK^int  of  a 
liquid  is  liffecttMl  also  by  cohesion.  Tho  nature  of  the 
vessel  in  whicli  the  liqtiid  is  contaiucfl  and  tlie  character 
f  the  substances  which  it  hokls  in  .s<dutiou  have  a 
inark**d  inlla»*uce.  Water  which  boils  in  a  copper  ves- 
I  at  \0(f  was  found  to  liavc  a  boiling  point  of  lOr  iu  a 
hiss  one  ;  and  if  the  glass  vessel  Imd  been  carefully 
leatif>;e<I  wjtli  acid,  the  ])oiling  point  rrwe  even  to  10.5'^  or 
CW**.  A  saturatf*<l  sobitiou  of  sodium  chhirith*  boils  at 
102*,  one  of  potassium  nitrate  at  IMV,  on^  of  potassium 
rarlxinat'*  at  135*,  and  one  of  calcium  chloride  at  179*; 
Ihe  effect  of  salts  being  in  general  to  raise  the  Ixuling- 
ciiut.  This  result  is  ol>viously  tine  to  the  cousuniptii)U 
of  ailditi*>nal  energv  in  order  to  overcome  the  C(die»ivo 
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attractious  involved  in  the  above  Molatious.  In  v^M 
CH8es,  however,  the  vapor  from  a  saliue  solutiou  hiwtl^l 
BaTne  temperatm*e  us  if  cvolvrtl  from  pure  wjvUr  attliH 
Baiue  proHsuru.  H 

The  effect  of  cIIhsoIvcmI  air  upou  the  boiliu(j;  jioiutiH 
very   rouiurkubie.     Dunny  has   asecrtaiued   that  walM 
wheu   deprived   of    air   by   prolouged   boiliug    can  IH 
heated  iu  a  cloned  ^Iuhk  veHKel  to  185°  witlinnt  boilin^l 
aud  Grove  has  expressed  the  opiuiou  that  Hince  W4^| 
8till  contains  tracea  of  uitrogeu  even  after  the  nuist  ))fl 
longed  boiling,  no  one  has  yet  soeu  the  phenomemiu^ 
pure  water  boiliug.     By  placing  water  in  a  liquid  of  Uit; 
aaine  density  with  which  it  docs  not  mix,  but  which  \t%» 
a  higher  boiling  point,  Dufour  was  able  to  heat  it  t    '    ' 
tt^uipcratures.     In  a  mixture  of  oil  nf  cloves  and  In 
oil,  for  example,  globules  of  water  10  luui.  in  diameter 
were  heated  to  1*2(1°  to  130*^;  and  smaller  globules  1  toU 
mm.  reached  a  temperature  of  175°,  a  condition  nnAfX 
which  the  vapor-pressure  on  a  free  surface  is  8  or  9  ut- 
mospheres.     Contact  Mith  a  solid  body  or  the  evolution 
of  gas  in  the  Iiot;  licpiid  caused  an  almost  explosive  ebul- 
lition, with  a  liisstug  sonud  like  that  produced  by  a  hot 
iron. 

When  one  liquid  is  mixed  with  another  of  low*r 
boiliug  point,  the  boiling  point  of  the  former  is  generally 
lowered  ;  and  vice  versa,  A  mixture  of  two  jiarls  ut 
alcohol  and  f»ne  of  water  boils  at  83^,  ft  mixture  al  two 
parts  of  carhog  disuljtliidit  anil  ouo  of  etlier  at  38".  In 
some  cases,  however,  the  boiling  point  of  the  mixta] 
below  that  of  either  couHtitueut.  Thus  a  mixture! 
water  and  carbon  disulphide  boils  at  43".  Hence' 
these  two  liquids  are  mixed  at  45°,  the  mixture  at  oi 
begins  to  boil. 

817,  Etiect  ol*  Clioinical  Composition  on  Boil 
Pohit,— ll<»nioln|>:oii8  Series. — Not  only  IiaH  every  liquid 
a  definite  boiling  point,  depending  upon  its  chemical 
character,  but  a  series  of  liquids  alike  iu  composition 
though  progressively  differing  in  molecular  mass  has 
a  Series  of  boiling  points  also  progressively  dififering. 
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br  example,  Eopp  has  shown  that  iu  the  series  of 
alcoholH,  of  acids,  ami  of  com])ouiid  ethers  of  the 
ass,  the  members  of  which  differ  progressively  by 
ia  composition,  there  is  a  progressive  difference  of 
in  their  boiling  points  fur  eacli  CH,  added.  Such  a 
igs  of  compounds  is  caUe<l  a  homologous  series. 
^H^  Therinal  Clian^c^M  ucconiiiaiiyiiig  Vapor Jza- 
^^-Since  a  liquid  and  its  vapor  may  have  the  same 
pperature,  that  portion  of  the  heat-energy  which  is 
parted  to  a  li<]nid  to  vaporize  it  is  expeudc^i  in  doing 
trnal  work  and  is  stored  up  in  the  vapor.  A  vapor 
lHe4juently*^oKHesses  more  potential  energy*  than  its 
Hid.     We  owe  to  Regnault  the  most  atuMirate  determi- 

Ii  of  the  heat  absorbed  in  vaporizing  water;  or 
■  tlio  same  thing,  the  heat  which  is  set  free  when 
is  condensed.  He  found  that  one  gram  of  satu- 
■team  at  0^  evolves  OOG'5  calories  in  condensing  to 
mi  0".  If  the  temperature  of  the  steam  is  not  0° 
,  then  the  heat  evolved  is  60<)-5 -f  0^■JU5^  Thus, 
E  example,  if  the  steam  be  at  100'^,  the  heat  set  fret* 
|1  be  606*5  -h  30'i5  or  637  calories  or  water-grara-<Ie- 
&eH,  iu  passing  to  water  at  O*^.     If  the  water  be  at  100"*, 

I  at  set  free  will  evidently  be  KM)  calories  less,  or 
The  following  table  gives  the  results  obtained  by 
ira  for  several  of  the  more  common  liquids: 


(itiid. 


Ithyl  alcohol. . . 

|byl  alcohol 

A  acetate 


HEAT  OP  VAPORIZATION. 

Liiiuiil.  CHloriea. 

Ether.......* 90-45 

('arbon  disulphide. .   HC'G? 

Bromine.  . .' 45'(50 

Stannous  chloride.  .   30*5;{ 


CaI  Dries. 

535-9 

263-7 
202-4 

92-<J8 


table,  the  temjierature  of  both  liquid  and  vapor 
tosed  to  be  that  of  the  boiling  point  of  tlie  liquid. 

niiMKNT. — Plncw  ill   u   beakt?f->;l.iss  a  weij^lietl  c|unuti(y  of 
11   .tnd  conduct  into  il  a  jet  of  .stiNtin  from  a  \h)\Wt.     Th« 
iin  will  (.'ondtnirtc  iind  Ihr  wator  will  ri^o  iu  toiniwniturf*  until  tho 
liuji;  (Kiint  ifi  reiu-hiMl.     It  (lie  o[>t*r.4(1oii  l>o  IIumi  siopiH'd  and  tlm 
Lcr  be  ai^ajii  weighed,  W  will  be  cibscrvod  tlint  the  w-atirr  whi<!h 
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ItcuntAiDcd  has  be4Mi  raiM;(]  from  0"  lo  100   by  the  cundcnntiDii 
it  of  less  ihun  iMic  fKdi  of  itR  mnAs  of  strani. 

310.  Proiliiclioik  ni' Cohl  IVtiiii  C'Iimii^c^  i»f  sii. 

Whenever  a  solid   cbuugert   iuh)   li  liquid,  or  a  iitji: 
chnn^eH  into  a  vajxtr,  the  heiit  required  ti)   produce  i: 
rlmnge   of  stiite    must   be   supplied  from    siirruuiiili 
MonrceK.     Wheu  ice  iu  «jxpo8ed  at  auy  teiuperiiture  aln 
0*^  it  uieltH,  taken  beat  from  all  snrroundiug  bodies,  jiud 
thus  hecomoB  a  source  of  colil.     When  a  volatile  lirjuitl 
like  other  is  allowed  to  evaporate,  the  heat  ueceswirv  to 
I'ouvert  it  inti)  vapor  is   taken  from  tlip    objects  riih 
which   it   is    in    contact   and    they  are    thrrebv   4.MK>li'i 
I^pon  facts  such  jw  these  depeud  the  various  methnds 
in  practical  UKe  for  the  production   of  cold  urtiticiMllj. 
A  mixture  of  ice  and  salt,  as  M-e  liave  seen,  fuses  at  —  'iSf*. 
Hence  if  exposed  Ut  uiiy  teinj>erature  alM>ve  this,  it  lueJte 
and  produces  cold.     A  glance  at  the  tables  alrea<lv  yii«D, 
however,  will  show  that  the  heat  absorlied  lu  va]M«rij»- 
tion  is  far  greater  than   that  required  for  liqnefaotiou: 
one  gram  of  ice  reqiiiriu^  t>nly  80  calorie^  U>   melt  iU 
while  one  gram  of  water  retjuires  537  calories  to  vapo- 
rize it.     Freezinp-niadiines  therefore  are  geueralh  con- 
structed to  make  use  of  volatile  liquids,  such  lis  ether,  car* 
bon  disulphide,  or  ammonia.     The  ammonia  ice-mftcljim? 
of  F.  Carre  is  j^erhaps  tlie  best  known.     One  form  of  ii 

consists    (Fi^.    llOi   m(  a 

strong  wroupht-iron  cyliiv 

der  eoutaininp  a  .saturaU^ 

solution     of     ainmriiiin    lb 

water.    Couuect^d  witb  tdi* 

is  a  wrouj^ht-irtm    auunlftr 

coudeuser  conical  in  form. 

Upon  phu*iu^  the  condenser 

in  cold  water  and  the  cylin- 

dfr   in   a  chavcoivl-fnrnac*, 

-^^    the  ammouia-gjis  is  expelled 

from   the  water ;  auJ  l)ein(j 

in   a    closed   space,  is  wm- 

doiised  by  its  own  pressure  until  the  saturation-point  is 


KiQ.  no. 
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far  (hat  teniper&tnre.  Theu  liquefaction  begins 
coutiuues  until  most  of  the  ainmouia-gug  has  been 

elle<]  from  the  water.  The  iipparatus  is  now  reversed, 
c^'linder  l)eiiig  immersed  iu  the  cohl  water.     The 

nonia-gas  is  re-absorbed  by  the  water  in  this  ujliuder 
the  liqnefied  ammonia  evaporates  to  maintain  tlie 

iration-pressure,  of  course  absorbing  heat  in  the  pro- 

I.     If  a  vessel  ooutaiuiu^  water  be  placed  in  the  cjliu- 

Hkfipaoe  iu  the  coudouser.  and  the  whole  be  wrapped 

^ftit-couducting  jacket,  this  heut  is  abstracted  from 

^Uer»  which  is  soon  fnizen  ;  the  apparatus  reverting 

IFto  its  original  couditiou. 

Water  is  cooled  by  its  own  eTaporution  in  hot  cli- 

kes  bj  placiug  it  in  vessels  of  porous  eartheuware, 

Jer  conditioas  favoring 

iporatiou  from  the  sur- 

0.     In    some    parts   of 

lift  id:*  is  said  to  be  }>ro- 

!»d  by  oX}»osing  water 

ring  the  night  iu  shal- 

r  Tpssels  of  porous  ware 

ced    npoti     rice-straw. 

»Iio  froze  water  by  its 

Q  uvnporatiou  by  plac- 

it  under  the  receiver  of 

iir-pump,with  somesul- 

iric  acid  to  absorb  the 

Dr.    And  E.  Garr^  has 

ized    this    experiment 

lie  production  of  domestic  ice-macfaines  (Fig.  111). 

h  a  good  cshnustiou,  these  machines  exhibit  the  ap- 

mi  paradox  that  water  will  boil  even  under  a  surface 

Et  should   here  be  noted  that  while  the  amount  of 
t\\  ■    1  by  the  evaporation  of  a  given  quantity 

i  liM  roiistaiit,  beiug  always  the  product  of   its 

a  by  its  heat  of  vaporization,  yet  that  the  tempera- 
'uiiwl  is  iu  general  lower,  iu  proportion  as  the 
u  is  the  morb  rapid  ;  since  under  these  c\r- 
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I'liiuHtauceH  more  heat  is  removed  from  the  bodies  vatr 
cerued  than  is  supplied  to  them.  Hence  the  grestor 
odd  produced  by  the  evaporation  of  more  volaiik  \ 
liqnidH,  Kuch  as  ether  and  alcohol,  which  evftpunoe  ' 
faster  than  water.  ^And  hence  also  the  advantage  of 
hasteuiu^  the  evaporation  b}'  blowing*  upon  the  hquid 
surface  or  by  exhausting  the  air  above  it.  By  a  wi^ 
ture  of  Holid  carbon  dioxide  and  ether  in  vacuo,  Frvrwliy 
obtiiiued  a  cold  of  —  110°;  and  by  a  similar  mixtnri^  d 
liquid  nitrogen  monoxide  and  carbon  disulphide,  Kftt- 
terer  produced  a  temperature  of  —  140".  By  evikpo- 
rating  liquid  air,  Olzewski  produced  a  temperature  of 
—  210°.  The  cold  produced  by  the  evaporatitiu  uf 
liquid  carbon  dioxide  iu  the  air,  when  it  is  rellevfti 
from  pressure,  is  sufHcient  to  freeze  the  greater  part  of 
it,  producing  a  solid  mass  like  snow,  which  evapomlcA 
slowly  producing  a  tem]>erature  of  —  90^ 

3:20.  Sphoruidul  8tatc-* — When  a  drop  of  wnk'T  is 
placed  on  a  highl}'  heated  surface,  it  does  not  come  ia 
coutict  with  the  surface  but  rolls  about  upon  it,  oscil- 
•latingand  gradually  evaporating.  It  is  said  to  be  in  t^ 
spheroidal  state.  This  phenomenon  has  been  studied  bj 
Loideufrost  liud  by  Boutiguy,  who  have  shown  ( 1 )  tllftttht^ 
temperature  at  winch  it  is  produced  is  higher  the  uiow 
elevated  the  boiling  point  of  the  liquid  used,  and  (2|  tluU 
the  temperature  of  the  liquiil  spheroid  is  always  heli>ff 
that  of  its  point  of  ebullition.  Thus  for  water  tin*  htuiU^ 
surface  must  not  be  below  200*^,  for  alcohol  ISl'"*,  nod  for 
ether  61°.  When  in  the  spheroidal  state,  wat*>r  h»»  » 
temperature  of  95^,  alcohol  of  75°,  ether  of  H4  ,  and 
aulphnr  dioxide  of  —  11**.  This  last  fact  enabled  Bon- 
tigny  to  perform  a  curious  experiment.  Since  -  '  '  ' 
dioxide  in  the  spheroidal  state  has  a  temj 
below  zero,  he  fonud  that  by  placing  this  liquid  in  > 
red-hot  platinnra  dish  it  assumed  the  spheroidal  condi- 
tion and  slowly  evaporated.  On  introducing  now  sonw 
water  into  the  mass,  it  was  xminedialely  frozen  liy  ihe 
abstraction  of  its  heat  to  the  sulphur  dioxide ;  and  ■ 
piece  of  ice  was  thus  produced  iu  and   thrown   from  liie 
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d-hot   vesseL     lu  the  same  way  Faraday,  by  ubiiig  a 
ixtare  of  Holid  oarbnn  dioxide  aud  etiier,  iu  the  spho- 
«>ida]  stat^,  HUoceeded  iu  freezing  mercury  iu  a  red-hot 
rneible  of  platinuiu. 

lu  all  these  oases  the  liquid  spheroid  is  supported 
,pon  a  layer  or  cushion  of  its  own  vapor  which,  beiug  a 
K>or  coutluctor  of  heat,  allows  only  u  vory  slow  transfer 
f  heat  from  th*^  heated  plate  ;  so  that  the  evaporatiou 
ily  keeps  the  temperature  below  the  boiliug  poiut 
'be  fact  that  there  is  no  contact  is  easily  observed  if 
e  surface  be  but  very  slightly  convex.  The  light  of  a 
udle  i>u  the  other  side  can  bo  seen  beneath  the  drop. 
Hie  layer  of  vapor  which  has  to  8upi>ort  the  drop  is 
EAlled  a  Crookes  layer ;  i.e.,  a  layer  of  molecules  whose 
loan  free  path,  iu  the  language  of  the  kinetic  theory  of 
a»es,  is  greater  than  the  distance  betweeu  the  solid  aud 
fjnid  surfaces  (37*2).  This  active  molecular  bombard- 
leut  it  ia,  then,  which  Hiii>ports  the  spheroidal  mass 
bove  the  surface. 

321.   D«»vt-iK>int,— Hyjfroinetry, — If  air  containing  a 

iron  fjuantily  of  aqueous  vapor  be  cooled^it   M'ill  con- 

innAlly  approacli  aud   finally  reach  saturation  ;  since 

•  *r  the  teni]>eratnre.  the  less  the  maximum  vapor- 

^     Heuce  if  into  such  moist  air  a  solid  bo  intro- 

ttced,  whose  temperature  is  below  that  of  saturation 

'or    the   given    vapor-]jresaure,    a   condensation    of   the 

«)iMture  will  tjikn  ])hice  aud  it  will  he  deposited  upon 

o  aolid  iu  the  form  of  dew.    If  the  solid  is  below  zero, 

'  /es  us  it  forms  and  is  then  culled  frost.     The 

i       .  to  which  air  must  be  co<^>led  in  order  that 

o  amount  of  moisture  actually  present  in  it  will  be 

nfficieut  to  saturate   it,   is  called    the   dew-point.     The 

Alio  of  thii  amount  of  moisture  present  to  that  which 

oald  iwturate   the  air  At  the  same   temperature,   ex- 

ressed  iu  percentages,  is  called  the  relative  humidity  of 

hi*  ttir.     For  the  purpose  of  these  compariMons,  either 

he  actual  amouut  of  moisture  in  the  air,  expressed  as 

ms  per  cubic  meter,  or,  Mhat  is  ]ireferable.  the  vapor- 
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pressure  of  the  moisture,  expresaeil  iu   t  nes  per  squire 
ceutimeter,  may  be  takeu. 

EXAICPLES. —Suppose  thti  vnpor-prcssure  in  u  given  mAss  of  lir 
at  30*  to  be  15000  dynes  [>cr  squAro  centimeter,  and  tbat  a  oaai 
of  iron  maiutaioed  at  10'  be  introduced  into  it.  The  air  in  coQt«t 
with  the  iron  will  bo  oouled  to  10'  and  dew  will  be  deposited  npoe 
it.  since  at  10"  the  satunitiou-pt-essure  i&  only  12220  dynes.  Sum 
23190  —  12820  =  10070  ;  and  since  15000  —  12320  =  2780,  «t 
have  10970  :  2780  :  :  10  :  2*5  :  whence  the  dew-point  under  l^tt 
circumstances  is  about  125^  and  the  relative  humidity  HHI  = 
61  "77  percent. 

Hygrometry  is  the  science  of  measuring  the  state  of 
the  uir  us  regards  its  moisture,  ami  is  of  very  consider. 
able  meteorological  importance.     Several  methods  of  de- 
termining  atmospheric   moisture   are   in    use.     In  thf 
simplest  or  chemical  method,  a  known  volume  of  air  is 
drawn  over  calcium  chloride  or  other  hygroscopic  sub- 
Htniice   previously   weighed  carefully.     The  increase  tu 
weight  gives  oi  course  the  absolute  amount  of  moisliirE 
in  thia  volume  of  air,  whence  the  absolute  humidity  or 
the  unmbor  of  grams  in  a  cubic  meter  may  be  calculateil 
Dauiell's  hygrometer  determines  the  dew-point;  i.e..tLt* 
temperature  at  which  the  amount  of  moisture  actual!) 
present  in  the  lur  would  saturate  it ;  whence  the  amount 
in  absolute  measure  is  also  known.    It  consists  of  a  glas 
tube  bent  twice  at  right  angles,  each  end  terminating  iu 
a  bulb.    The  apparatus  contains  only  etlier  and  its  vapoi. 
One  f)f  the  bulbs  is  of  black  glass  and  contjiius  a  delicat« 
thermometer.    The  other  is  covered  with   muslin.    If 
now    ether    l)e   poured    on    the    muslin,   its    evapora- 
tion cools  the  bulb  and  condenses  the  vapor  within  it 
And  as  a  result,  the  liquid  in  the  dark  bulb  evaporated 
aud  cools  this  bulb.    It  is  carefully  watched  and  the  tuin- 
perature  within  it  is  noted  the  instant  its  surface  is  be- 
dewed.    The  application  of  the  ether  is  snspended,  and 
the  temperature  again  noted  at  the  instant  of  the  disap- 
pearance of  the  dew.     The  mean  of  these  two  tempera- 
tures is  the  dew-point.     Modifications  of  this  instrument 
have    been    made    by   several   observers ;    notably  l^ 
Begnault,  Crova,  aud  Alluard. 
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The  form  of  bygroiueter  in  use  for  meteorological 

rpoeeB  was  devised   bj  Angust  and   is  knowu  as  a 

ychrometer.      It  is   quite   simple   in  its  constructioD, 

■Uf*isting  only  of   two  accurate  tiiermoiueters  one  of 

rbicb  has  its  bulb  covered  with  cottou  in  comniunica- 

iou  with  a  reservoir  of  water.     Obviously  wbeu  there  is 

Id  evaporation,  i.e.,  when  botb  bulbs  are  dry  or  wbeu 

e  fiir  is  saturated,  both  tbermometerH  will  read  the 

e.     And  in  proportion  as  the  air  is  dry  and  evapora- 

on    consequeutly   more   active,  tbe    difference   in   tbe 

adiu^s  will  be  tbe  greater.    By  means  of  the  empirical 

[irmuhi 


p  =  p'-0-00077{«-/,)^ 


[61] 


which  p*  is  the  maximum  vapor.pressure  at  ^,°,  the 

Bpernture  of  tbe  wet- bulb  tbermoraeter,  /**  is  the 
pprature  of  tbe  dry-!)ulb  tbernioiiieter,  and  h  tbe  ba- 
»tiieter-reading,  the  actual  vapor-pressure  p  of  the 
[juonu»*  vapor  uiaj'  be  calculated,  imd  the  dew-point 
JUS  obtained. 

32:2.  MasH of  AiiueouM  VuiM»r  present  in  Air. — Uav- 
ig  obtained  tbe  dew-point  luul  tberefore  fbo  actual 
fc|x>r-presHnre  in  tbe  air,  the  absolute  buiniditj-  may 
(ftdily  l>e  conipiited.  Since  a  cubic  meter  of  dry  air 
weighs  1*275'1>  grams  at  0**  and  under  a  megadyne  press- 
ire,  the  mass  M  of  this  vcilume  at  a  temperature  1°  and 
prewnre  p  dynes  per  square  centimeter  will  evidently 


i^=12T5.9xf5,X,-^ 


+  -0()3C7< 


filnce  aqueous  vapor  has  a  relative  denait}'  of  0*6225 
compared  with  air,  the  mass   M'  of  this  volume  of 
^piir  is 


'=0-6226  X  1275-9  x  ^ 


10*     1  -I-  -00367^ 


^.    (r>2] 
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Example. — Koquirod  the  mass  of  aqueous  vapor  in  a  oabieart* 
of  ALTf  at  the  teu[)erature  of  IG*,  (be  barometer  standiDg  at  750 do. 
and  the  clew-i)oirit  tieiiig  10'.  The  vai>or-i>r<>t»iipe />  in  dynes,  pof. 
rasponding  to  10",  is  '9105  x  ^80  x  13  596.  Hence  we  hareifs 
«  -««.      ,«^«n      '^^^^  X  **«*>  ^  13-596  1 


10* 


1 +('00867  xl5*j 


grams. 


Section  IV.— Transference  oy  Heat. 


A.— COSDUCnON. 

32.3.  Dpflnitiuu  of  Heat-ooiitliictivity. — Since  he«t 
is  molecular  motion,  it  is  evidently  caj^able  of  readv 
transfer  from  one  portion  of  mutter  to  auotber.  Pre- 
cisely as  mass  motion  in  transferred  when  two  bodiei* 
whose  speeds  are  different  come  into  contact,  so  molec- 
ular motion,  or  heat,  is  transferred  when  two  bodieetif 
diiferent  temperatures  are  ma<.le  to  touch.  Heat  alwftjt 
tends  to  establish  equilibrium  of  temperature  ;  and 
hence  under  these  circumstances  there  is  always  a  flow 
of  heat  either  from  the  hotter  to  the  colder  body,  w 
from  the  hotter  to  the  colder  portions  of  the  same  body. 
This  transffvence  of  heat  from  m(»Iecnle  to  molecule  is 
called  conduction.  Those  substances  which  allow  a  reath 
transfer  of  heat  through  them  are  called  good  condoC' 
tors  ;  such  are  copper,  brass,  iron,  and  the  metals  iu 
geneniL  Those  substances  which  transmit  heat  im- 
perfectly are  called  bad  conductors;  such  are  wood, 
glass,  horn,  and  also  liquids  and  gases.  One  end  of  l^ 
copper  rod  if  placed  in  a  flame  becomes  scarcely  red 
before  the  other  end  is  too  hot  to  hold  in  the  haud; 
wliile  a  much  shorter  ghu^s  rod  may  be  melted  at  oue 
end  without  becoming  even  warm  at  the  other. 


Experiment.— Place  along  a  rod  of  cop|>er  and  along  a  simtlKr 
rod  of  iron  a  series  of  marbles  fastened  by  wax.  Supi^ort  both  rotU 
horizontally  with  their  ends  in  contact,  and  heat  the  junction  with 
H  gaH-flame.    The  h*?at  will  he  transferred  iilong  the  Iwrs  bv  conrfm- 
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SUoo  and  the  marbles  will  &uoceesively  fall.  They  will  not  only  fall 
l^urc  rapully  on  tho  copper  rod,  but  the  lost  one  to  fall  on  this  rod 
^lU  tw  at  a  greater  dmtaiice  from  tho  source  of  beat;  tthowing  the 
potter  conductivity  of  tho  copper. 
If  A  scries  of  rods  of  different  subetances,  say  of  silver,  copper, 
iroa,  steel,  brass,  le;ul,  glass,  and  wood,  all  uf  the  same  diameter 
*o<i  length,  be  pa&sed  through  corks  closing  openings  in  the  side  of 
ftrect&ngnlar  metal  trough,  and  if  the  portions  outside  the  openings 
be  oovered  with  a  thin  layer  of  wax,  then  it  will  be  found  on  filling 
tlie  troagh  with  hot  water,  that  tho  gradual  transfer  of  heat  along 
*li©  Ttxh»  by  conduction  can  be  followed  by  tho  melting  of  the  wax. 
If  llie  te[u(»erature  uf  tho  water  bo  maintained  constant,  it  will  be 
observed  that  after  a  certain  time  all  tho  heat  trausrt<rred  to  the 
r<xia  is  lost  by  cooling;  so  that  they  cease  to  rise  in  temi>erature. 
On  examining  themnow,  it  will  be  observed  that  the  wax  has  melted 
^  t-ho  greatest  distance  on  the  silver  rod  ;  and  next  in  order  on  those 
of  copper,  braiAS,  iron,  steel,  lead,  ghiss,  and  wood.  Uence  their 
conductivities  are  in  the  order  given. 

In  HucL  experiineuts  as  the  above,  cnrc  hIiouUI  be 
^keij  to  distiuguiMli  lietweeu  thermonietrical  and  calori- 
'^t'trical  coutiuctinty ;  Le.,  between  a  tranHference  of 
"'Qiperatnre  and  a  transference  of  heat.  Obviously,  the 
a  '^'-**ired  temperature  will  reach  a  given  point  ou  a  rod 
^■f"**  sooner,  the  lower  tho  specitie  heat  of  the  rod  and 
^^"''^  higher  the  conductivity.  Indeed  if  one  of  two 
^''^ARtances  be  actually  a  better  conductor  thau  the  other, 
tocj  yettheaecoud  have  a  proportionally  smaller  specific 
^*».t,  it  may  hapj>eu  thjit  the  time  required  for  a  given 
^'ixperature  to  reach  a  given  dintance  may  actually  l»e 
*=*H  in  the  poorer  conductor.  Thus  Tyndall  placed  two 
*^^Vjea,  one  of  bismuth  and  the  other  of  ij-ou,  whose 
Jl>^jer  surfaces  were  coated  with  wax,  upon  the  top  of  a 
'^iited  plate.  The  wax  melted  soonest  upon  the  bis- 
^  tath  cube,  although  tlie  iron  cube  was  much  the  better 
^inductor  of  heat.  Though  a  less  amount  of  heat  had 
^Ijtered  the  bismuth,  it  had  I'aised  its  temperature 
*ligher,  its  specific  heat  beiiig  less. 

Thermometrical  conductivity  therefore  is  simply  thri 
tatio  of  calorimetrical  cimductivity  to  the  specific  heafi 
of  unit  volume.  It  is  called  thermal  diffusiTity  by  Thomj 
son.  ^ 
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324.  Coefllriont  of  CnloHmetrScnl  Coiidiicl!vli>. - 

We  owe  to  Fourier  the  first  satisfactory  investigatioD  nf 
conductivity.  It  is  found  that  tlie  quantity  of  bat 
which  is  transferred  through  a  solid  cube  depeudt 
directly  (1)  upon  the  difference  of  the  teniperalnni 
upon  its  two  Hides  ^^,  (2)  upon  its' surface  area  ^],(S} 
upon  the  time  T,  and  (4)  uj^on  the  njaterial  n9e<i,  JT; 
and  inversely  upon  the  distance  between  its  faces  I 
Whence  we  have 


q^k^Ut. 


m 


From  which  the  value  of  K  is  obtained : 


K=Qd/MAT. 


if  d,  At  T,  and  ^t  be  made  unity,  K  will  equal  Q.  1m 
other  words,  the  coefficient  of  conductivity  K  may  be 
defined  as  the  quantity  of  heat  which  passes  in  a  uuil 
of  time  through  uuit  of  surface  of  an  infinite  layer  of  t 
substance,  of  unit  thickness,  when  the  difference  of 
temperature  between  its  sides  is  unity.  In  the  C.  G.  8. 
system  this  ooefiicient  represents  the  number  of  thenos 
or  calories  passing  per  second  between  the  two  faces  of 
a  plate  of  any  given  substance,  one  square  centimeter  is 
area  and  one  centimeter  in  thickness ;  tliese  two  facw 
being  maintained  at  a  dift'erence  of  temperature  of  r>ne 
degree.  Thus,  for  example,  Neumann  obtained  the  fol- 
lowing absolute  conductivities:  for  copper  1"108,  riac 
0-307,  iron  OICS,  german-silver  0109,  ice  0*0057.  So 
that  if  the  two  faces  of  a  plate  of  zinc  one  centimeter 
thick  were  kept  at  a  difle*rence  of  1°  in  temperatnre 
there  would  be  ti'ansferred  through  each  square  centi- 
metei  of  its  area  in  each  second  sufRcient  heat  to  raiae 
0*307  gram  of  water  one  degree  in  temperature. 
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;S.  Temperature-grtuUeiit. — If  ^(7(!Pig.  112)  rep- 
\  the  temperature  ou  one  nide  of  au  inde^ite 
ind  BD  the  temperature  ou  the 

side,  AE  will  represent  the 
juce  of  temperature,  or  M  ;  and 
miting  ratio  of  -^IJ?  to  EB,  rep- 
bed  by  At/d  iu  tlie  preceding 
da,  which  is  the  tangent  of  the 

of  slope  ABE,  and  which  rep- 
bs  the  rate  of  temperature- 
;e  with  the  thickness,  is  called 
^mperatnre-gradient.  If  the  time 
the  area  of  the  plate  be  both 
,  the  coefficient  of  conductivity 
f^i\  Le.,  is  the  quotient  of  the 
of  heat  by  the  temperature- 
ent  Evidently,  therefore,  K  may  be  ascertained 
easaring  (1)  the  flow  of  heat  across  unit  section  of 
on  bar  iu  unit  of  time ;  and  (2)  the  temperatui^- 
ent 

SO.  Method  of  menHurluj^  Conductivity. — The  ajv 
;qs  used  by  Forbes  for  measuring  condueti\ity  con- 
1  of  a  square  iron  bar  about  2^  meters  in  length 
I  centimeters  on  a  side,  one  end  of  which  was  main- 
d  at  a  oonrttant  high  tflraperature  by  immersion  in 
li  of  melting  lead.  Holes  were  drilled  into  the  bar 
itervals,  into  which  accurate  thermometers  were 
ted,  a  little  mercury  being  pmred  iu  to  secure  good 
lot.  Alter  the  lapse  of  six.  or  eight  hours  a  perma- 
atate  of  teraperatore  was  reached,  the  reading  of 
thermometer  being  constant.  Under  these  condi- 
,  the  heat  which  tlows  into  the  bar  by  conduction 
igli  any  cross-section  of  it  is  dissipated  by  the 
mt  oi  the  bar  beyond  this  point  So  that  the 
^fcneters  will  show  a  gradually  decreasing  temper- 
I  along  the  bar.  Laying  off  these  differences  of 
erntnre  between  the  points  of  the  bar  and  the  sur- 
iiiig  air  as  ordinates,  the  distances  of  the  thermom- 
m  the  source  of  heat  being  plotted  aa  abscissas 
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a  temperature-curve  may  be  drawn  (Fig.  113)  and  tlit^ 
temperature-gradient  obtained.  By  means  of  aD  auiD- 
iary  aud  shorter  bar,  proWded  with  a  thermometer  and 
originally  heated  to   the   highest  temperature  of  the 
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main  bar  and  then  allowed  to  cool  in  the  air  of  tb^ 
room,  readings  being  taken  every  minute,  the  amouul 
of  heat  lost  by  this  shorter  bar  per  unit  of  length  p^^ 
Becond  may  be  calculated  for  any  of  the  observed  tefls- 
peratures.  And  by  summing  these  values,  the  whole 
heat  lost  by  the  main  bar  beyond  a  given  crnss-Hectioii. 
i.e.,  the  flow  of  heat  through  this  section,  may  be  caI- 
culated. 

327.  Relative  Conductivity. — By  assuming  a  vnluff 
for  some  given  substance,  the  relative  conductivitj  of 
other  subatauces   may  Ije   <»btained   in   terms  of  tliift* 
Thus  Wiedexnaun   and   Franz,  using  a  thenno-electiicF 
pair  to  measure  the  temperature  of   the   bars,  obtabec^ 
the  following  values  for  tlio  relative  conductivity  of  ih^ 
metals  given,  assuming  that  of  silver  to  be  one  hundred    ^ 

RELATIVE  CONDUCTIVITIES. 


Silver 100 

Copper 73-6 

Gold 53-2 

Brass 231 

Zinc 190 


Ii-on W' 

Steel ll'i 

Lead , 8* 

Platinum 8' 

Bismuth 1* 


328.  I.Hothernials. — If  heat   be   propagated   from   «' 
point  in  an  isotropic  medium,  the  temperature  will  b^ 


le  mine  at  the  same  distauce  in  all  rlirectious.     So  tbat 
Jeso  poiuts  of  equal  temperature  will  all  lie  ou  a  splier- 
tl  surface,  wliicb  for  this  reason  ia  called  an  iaothermal 
Wrface.    Tlie  lines  of  flow  of  the  heat  are  radii,  and  are 
*/   course    perpendicular    to    the    isothermal    surface, 
^eme  there  is  no  lateral  propagation  f>f  heat  oA'er  such 
*  -surfiice.     If,   however,   the  medium   be  not  isotropic, 
**^.,  if  it  have  a  different  conductivity  in  diilereut  direc- 
^^nj*,  the  isothermal  surface  will  not  he  a  sphere  and  a 
Wane  section  of  it  will  not  be  a  circle.     De  Senarmont 
^Hifd  this  principle  t<^  sho\v  Ihat  crystal.s  are  not  isotropic 
•>t]l(?s8  belonging  to  the  isometric  system  (Fig.  114).     If 
^  plate  of  quartz  be  cut  parallel 
^  the    i>rincipal    axis,   and    its 
tsenter  be  heated  by  means  of  n 
Wire  passed  through  it,  a  layer  of 
Vax  spread  upou  the  surface  will 
be  fouud  to  melt  over  au  elliptical 
area  ;  the  maximum  conductivity 
being  along  the   principal   axis. 
If  a  section  be  cut  perpendicular 
to    tliis  axis,  however,  then    the 
ar«a  of  the  melted  wax  will  be 
circninr;  the  conductivity  ah»ng  the  lateral  axes  being 
the  same  for  all.     In  a  quartz  crystal,  then,  the  isother- 
mal surface  in  a  prolate  spheroid.     Wood  ifi  found  to 
conduct  heat  less  well  in  a  radial  direction  than  along 
the  fibers;  u  fact  which  acts  to  preserve  the  interior  of 
A  tree  from  sudden  cliunges  of  temperature. 

U20.  Comliiotlvltj  ot*Llqui<lH  and  Gjwcs. — The  con- 
ductivity of  liquids  is  exceedingly  .small.  The  following 
Tftluefi  have  been  obtained  by  Weber,  for  the  absolute 
oonduetivity  of  the  liquids  given,  at  t!ie  temperature  »>f 
9^  to  15=" : 

CONDUCTIVITY  OF  LIQUIDS. 


J 
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Water 001300 

I  Alcohol 'OOQ4'13 
Ether '000303 


Chhtroform *000288 

Glycerin 000070 

Carbon  disulphide  -000343 
Sulphuric  acid...    000705 
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Id  gasea  the  conductivity  is  even  less.  Stefan  fooud 
tLe  value  in  hydrogen,  which  coudncts  seven  times  u 
well  as  air,  to  be  only  0  OiKX)558.  This  is  only  about uu* 
twenty-thoubuudth  of  the  conductivity  of  copper  and  oM 
three-thousaiidtli  of  that  of  iron. 

«I30.  AppJifiitiouH. — Abundant  application  of  the  pnn. 
ciples  above  stated  can  be  made.  Metal  or  stone  fe«U 
colder  to  the  hand  than  wood  or  cloth, 
even  when  they  are  shown  by  the  ther- 
mometer to  have  the  same  temperature 
Hot  bodies  are  readily  handled  by  io- 
terposing  non-conductors  between  tLein 
and  the  hand.  Water  at  52"  is  ttxj  boi 
to  be  borne,  while  it  is  quite  possible  to 
remain  in  air  having  a  temperature  Deal 
that  of  boiling  water.  The  exteudetJ  iisa 
of  porous  substances  as  non-condnctont 
depends  upon  the  air  which  is  cnclaned 
in  them.  The  use  of  furs  for  elothiug.of 
sawdust  for  packing  ice,  and  of  asbestos 
for  covering  steam-pipes  may  be  cite*!  u 
oxamples.  Silica  in  tlie  form  of  n>ck* 
LTystal  is  a  better  conductor  than  lead; 
but  wlien  tiuely  divided  it  conducts  onlr 
very  slightly.  Lava  has  been  known  to 
flow  over  a  layer  of  ashes  underri**fttL 
which  was  a  bed  of  ice,  without  melting 
it  Double  windows  are  efBcacious  only  because  of  the 
layer  of  air  between  tliem.  The  Davy  safety-lauip 
(Fig.  115)  depends  upon  the  fact  that  flame  is  cooled  and 
extinguished  by  the  high  conductivity  of  metal  gauze, 
and  therefore,  although  the  explosive  gaseous  mixture 
may  burn  within  the  gauze,  tlie  flame  cannot  ]>as8  thrc»QgL 
it  to  the  gas  outside. 

B.  —CONVECTION. 

331.  Mnss-transforence  of  Heat. — While  iu  solids^ 
heat  is  transferred  from  one  point  to  another  mainly  by 
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eition,  in  flnids  this  truusfer  is  effected  clxiefly  bj 
tion.  Wlien,  for  example,  the  teupeniture  of  a 
f  water  is  uniform  throughout,  all  parts  of  it  are 
eqailibriom.  But  now  if  the  lower  portion  be  heated 
the  upper  cooled,  the  former  will  expand  and  become 
rer,  the  latter  will  contract  and  become  denser  than 
i  rest  of  the  liquid ;  thus  destrojing  the  equilibrium 
d  Cftusitig  a  current.  The  rise  of  the  warmer  liquid 
crying  with  it  its  heat,  effects  a  transference  of  this 
hi  from  the  warmer  to  the  colder  portions  of  the  mass  ; 
b  circulation  being  maintained  until  all  parts  of  the 
lid  are  at  the  same  temperature.  This  process  of 
knsfcirring  heat  by  transferring  the  matter  possessing 
Iss  called  convection.  The  effect  is  the  greater  the  more 
liannible  the  fluid  employed;  since  in  tluH  case  the 
Bater  is  the  difference  in  its  density  produced  by  a 
reu  temperature-change.  For  this  reason  the  phe- 
tmenon  of  convection  is  much  more  decided  in  gases 
au  it  is  in  liquids. 

EXAUPLEH. — Convection-currents  in  heated  air  firo  wol!  shown  by 

Icinqp  a  candlo-tlAmo  in  8  cloud  of  smoko.     Tho  upward  niovemout 

!  '1  if  a  vertical  tube  l>e  hold  just  nliovt'  the  dame,  thus 

,'  the  action  of  a  rhimnt^y  in  profluoing  a  dnift.     In  th^ 

ne  way,  if  water  rootaining  solid  purLicle^  uf  about  the  same 

Ir  Ix*  hrftted  by  a  small  thime,  Ihe  convootion-ciirrunt)*  which 
IS  established  will  be  roodercd  visible  by  the  moving  particles. 
V2,  AppIJcatiouH  ul*  Convection. — This  subject  is 
if  grtiat  importjiuce  not  only  ineteorologicallj,  on 
ptjad  scale  of  nature's  operations,  but  also  commer- 
f  as  in  artiticial  ventilation.  The  air  of  the  tropics, 
fwcrfull}'  iieated  by  the  sun,  rises,  while  the  surround- 
from  the  north  find  south  temperate  zones  rushes 
kke  ittf  place.  This  motion,  combined  with  that  oi 
^rth's  rotation,  produces  what  are  known  as  the 
le  winds;  blowing  in  the  northern  hemisphere  from 
j^Aorth-east,  and  in  the  southern  from  the  south-east 
^Hwhile  the  heated  air  from  the  equator  divides  into 
'northern  and  a  southern  portion  moviu^  toward  the 
d  }»roduciug,  in  consequence  of  the  rotation  of 
1,  what  are  known  as  the   return   trades  ;  i.e.. 
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currents  at  liigU  altituden  haviu^  a  direction  from  th« 
aouth-wcHt  in  the  uortheru  aud  from  the  uorth-w««l  m 
the  southern  hemisphere. 

The  oL-eau  currents  are  also  fouvectiou  carrents.  But 
as  to  produce  currents,  the  surface  must  be  cooled,  itk 
clear  that  the  polar  cold  has  to  do  with  tlie  ocean  circo- 
lation  much  more  than  the  tropical  lieat.  The  upper 
surface  of  the  water,  therefore,  like  that  of  the  air,  tinmi 
from  the  equator;  and  modified  in  its  direction  hjibi 
earth's  rotation,  protluces  the  south-west  ocean-currento 
of  the  northern  hemisphere  sucli  as  the  Japan  currejit 
and  the  Gulf  Stream ;  and  the  north-west  currents  of  (he 
Boutheru  hemisphere. 

The  sea  breeze  at  the  shore  is  due  to  the  moTemeDt 
of  the  sea  air  toward  the  land  to  supply  the  place  of  tlM 
heated  air  which   has  risen  from  the  land   previnnslv 
heated  by  the  kuu.     The  land  breeze  results  from  tli? 
more  rapid  cooling  of  the  earth  producing  an  invene 
convection  current.     The  laud  breeze  rises  just  before 
morning,  as  the  sea  breeze  comes  just  }»efore  night. 
Joule  made  use  of  convection  currents  for  the  purpv** 
of  fixing  tlie  temj»eraturo  of  maximum  *hM- 
sity  of  water.     Two  upright  metal  cyliii<kTs 
each  135  metei-s  long  and  l'2-5  cm.  iu  diam- 
eter (Fig,  116),  placed  side  by  side,  were  cou- 
nected  at  top  by  a  shallow  trough  and  at 
bottom  by  a  tube  j>rovided  with  a  tap.    On 
tilling  the  cylinders  with  water  nearly  to  the 
top  of  the  trough,  aud  on  placing  a  small 
floating  glass  bulb  in  this  trough,  the  direc- 
tion of  tlow  of  the  current,  on  opening  the 
tap,  due  to  a  difference  of  density,  could  be 
detonnined.     If  the  temperature  in  one  cyl- 
inder was  as  much  above  that  of  maximum 
density  as  that  in  the  other  was  below  it,  the 
density  would  be  the  same  in  both  cylindere 
and  no  cnrrent  would  tlow.    By  fixing  several 
such  pairs  of  temperatures,  Joule  found  the  maximum 
density  of  water  to  be  about  at  ^IM'*. 


Vto.  nft. 
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333.  Cooling  by  Convection  CurrentH. — The  law  ac- 

^^diug  to  wLieh  a  heated  body  C(X>Is  iu  consequence  of 

^^Bvectinu    huH    been    studied    by    Dulong    and    Petit 

Accordiug  to  these  experimeuters,  the  speed  of  cooling  w 

Qi  independent  of  the  nature  of  the  snrfnce  of  the  bod>' ; 

(2f  proportional  to  the  excess  of  temperature  raised  to 

the  jN^wer  1*233 ;  and  (3)  dependent  not  upon  the  density 

til  the  gjLS  but  upon  its  pressure.     Hence  the  speed  of 

rooling  due  solely  to  the  contact  of  a  gas  may  be  repre- 

nted  by  the  expression 

8  =  mp-/'«  [54] 

hi  which  m  is  a  constant  depending  upon  the  size  of  the 
body  and  the  nature  of  the  gns,  p  is  the  pressure  in  niil- 
imet4irs,  a  is  an  index,  determined  by  Dulong  and  Petit 
o  be  for  hydrogen  0*38,  for  air  0-45,  for  carbon  dioxide 
D'517,  and  for  ethyleue  0*501,  and  i  is  the  excess  of  tem- 
perature. 

Section  V. — TiuNSFonMATioNS  op  Heat, 

2)ji4.  Conversion  of  >I<*<*liani<'nl   Energy  Into  Hent. 

— Exj»erience  shows  that  heat,  which  is  molecular  kint^tio 
energy,  may  be  produced  from  mass  kinetic  energy. 
\Vhen  a  rille-ball  strike k  a  target,  or  two  railway  trains 
collide,  the  energy  which  they  possess  as  mass  motion 
entirely  disappears.  But  since  euerg}'  is  indestructible, 
form  only  is  changed  in  these  cases.  The  molecular 
on  of  tiie  impinging  bodies  is  increased  by  the  colH- 
and  they  nre  heat4^*d.  In  general,  wheuerer  moving 
are  brought  to  rest,  either  suddenly  as  in  the 
of  impact,  or  slowly  as  iu  the  case  of  friction,  the 
iunetio  energy  of  the  moving  masses  is  transformed  into 
kinetic  molecular  energy  and  tlioy  are  thereby  heated. 

3:15.  Mechanical  KtinivaUMit  of  Heat. — The  first  ac- 
cnmte  exj>eriments  made  to  determine  the  number  of 
nciita  of  work  which  must  be  expended  in  order  to  pro- 
duce one  unit  of  heat  were  those  of  Jcjule,  completed  in 
1849      In  one  form  of  his  apparatus,  a  known  weight  by 
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falling  through  a  known  tlistaneo  cansecl  a  paddlMrl 
to  revolve  iu  water,  and  thus  rained  the  tem|)erAtQrt| 
tUe  water  by  a  known  amount     Itecentlj,  Bowland 
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repeated  this  experiment  on  a  more  extended  seal 
The  vessel  containing  the  water  was  suspended  bj 
wire  (Fig.  117),  and  prevented  from  rotating  by  weigh 
atbiched  to  cords  upon  the  oircumferenoe  of  a  pall 
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j^pe  axis  of  the  vessel.  The  paddle  was 
lengine.  The  work  expended  is  evidently 
to  the  product  of  the  moment  of  the  couple 
iber  of  revolutions  made  in  unit  time.  The 
fr  used  multiplied  by  the  rise  of  temperature 
iat-nnits  produced.  And  the  ratio  of  the 
uct  to  the  latter  is  the  number  of  units  of 
ed  to  produce  one  unit  of  heat ;  i.e»,  is  the 
equivalent  of  heat 

method  employed  by  Joule  depends  upon 
ion  of  heat  by  the  compression  of  a  gas  ;  or, 
[ipou  the  amount  of  work  done  by  the  ex- 
gas  when  heated  through  a  known  range  of 
■Suppose,  for  example,  a  rectangular  ves- 
iP>ue  meter  on  a  side  and  two  nipters  in 
iug  a  piston  placed  midway, 
tneter  of  air  will  thus  be  en- 
w  the  piston,  and  the  atmoH- 
mre  upon  its  surface  will  be 
megadynes.  Let  the  temper- 
s  air  be  raised  273'^;  its  volume 
jled,  the  piston  M'ill  l>e  raised 
and  s<:)  will  do  10000  meter- 
(i.e.,  10"  ergs)  of  work.  Since 
eter  of  air  has  a  mass  of  1*2759 
i  the  temperature  of  0°  and  the 
one  megad3me,  and  since  the  specific  heat  of 
nut  pressure  is  0-2375,  the  lieat  exjiended  in 
emperatiire  273°  is  of  course  1276-9  x  '2375 
726  gram-degrees.  This  amount  of  heat 
dished  two  results;  it  lias  not  only  raised 
and  thus  performed  10000  meter-uiegadyuos 
\  it  has  also  raised  the  temperature  of  a  cubic 
r  throngit  273°.  The  amount  of  heat  re- 
ho  latter  purpose  is  1-2759  X  ■1<>91  X  273  = 
l-degrees.  The  difference,  23826  gram-de- 
a  beat  expended  in  doing  10000  meter-mega- 
[)'"  ergs  of  Mork.  Hence  one  unit  of  heat 
!©)  can  do  100tM)/23826  or  -41971  meter-mega- 
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dyues  of  work ;  i.e.,  41071  X  10'  ergH  ;  wLicb  obvioublv 
represents  tlie  inechaincnl  ei|nivuleiit  «)f  liL-at. 

MECHANICAL  VALUK  OF  ONE  lIEAT-l-NIT. 


Authority 

Jotile 

"     435-4 

Hiru 425'2 

- 441-G 

VioUe 435-2 

"     437*4 

Reguault ....  4370 
Rowland 4264 


Gram-iuetcrs.        Ergs. 

. .  424-7  41624  x  10' 
4-2G7  X  10' 
4-167  X  10' 
4-3277  X  10- 
4-265  X  10' 
4-286  X  10' 
4-282  X  10' 
4  179    X  10' 


Me  I  hod. 

Water-frictiou. 
Electrio  currout. 
CoiupresHioii  of  lead. 
Sp-  heat  of  air. 
lud.  *^urr,  in  copjicr. 

'*  "  "  leuiL 
Velocity  of  suuud, 
Wafcer-friction. 


In  Rowlnnil'M  experiments,  au  expenditure  of  Imlf* 
Lorse-power  npf»n  the  calorimeter  gave  a  rise  of  tcm|«*r- 
ature  of  35*^  per  hour.  This  rise  was  recorded  i-liruwt- 
graphically  by  noting;  the  time  I'etpiired  fur  a  giv*"" 
increase  of  temperature.  His  results  in  some  ea»ejj  iiw 
the  meaus  of  as  many  as  12000  distiDct  observAtions. 
They  show  a  variation  in  the  value  of  the  mx-  ' 
equivalent  with  temperature.  Thus  at  5°,  he  •  i 
4298  gram-meters,  and  at  20*,  42G4  gram-meters  f'tf  tl* 
latitude  of  Baltimore;  or  in  absolute  units  4'212  X  1^ 
and  4*179  X  10'  ergs  respectively. 

The  value  4*2  X  10'  ergs,  which  is  generally  )»»• 
auujed  as  the  mean  value,  in  units  of  work,  of  rme  water- 
gram-degree  is  the  true  value  at  10°  according  t™ 
Rowland.  It  is  known  as  Joule's  equivalent  and  is 
represented  in  mathematical  expressions  by  J.  8iiiw»^ 
joule  is  10'  ergs,  and  a  water-gram-degree  is  a  therm,  tiiff 
above  relation  may  be  stated  thus:  One  therm  is  eq 
to  4  2  joules. 

yilU.  CunverHloii  of  Ilent  Into  Work. — Since  heat 
the  lowest  form  of  energy,  the  conversion  of  other  fo 
of  energy  into  heat  is  much  more  readily  and  much  mo 
completely  eftected    than  the  conversion   of   heat  into 
other  forms  of   energy.     Indeed,  Avhile  heat  is  n  proil* 
uct   in    all  energy-transformations,  and  sometimes  tb'' 
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sole  product,  the  fraction  of  heat  which  it  is  possible  to 
couvert  iuto  auy  higher  form  of  euergy  is  exceedingly 
small.  The  jjriuc'ii)le  of  this  couversion  is  quite  simple. 
It  18  effected  through  the  agency  of  some  substance, 
Mkt  the  steam  iu  a  steam-engine,  wliich  is  called  the 
working  aubstauce,  and  whose  function  is,  while  trans- 
iemng  most  of  the  heat  from  a  source  at  a  higher  tem- 
perature to  a  refrigerator  at  a  lower  one,  to  transform  a 
fraction  of  it  into  mechanical  euergy  or  %vork. 

337,  Carnot's  Cjelc- — We  owe  to  Sadi  Caruot  (1824) 
tliQ  conception  w*kicb  lies  at  the  basis  of  all  discussion 
•coucerniug  heat-engines,      Thi^  conception  is  that  of  a 
hypothetical  engine  performing  a  cycle  of  operations, 
which  13  completely  reversible  in  all  respects.     The  ad- 
vantage of  a  cj'cle   in  studying  the  operations   of  the 
working  substance  is  found  in  the  fact  that  at  the  end 
of  Ihft  cycle  this  substance  if*  found  in  it«  primitive  con- 
dition, uo  internal  work  having  been  done  either  by  or 

upon  it  during  these  operationi^. 

The  diagram  of  work  has  been  already  described  (95). 

B  a  gaa  be  compressed   at  constant   temperature,  the 

work  done  m  represented  by  the  area  enclosed  between 

the  (jurve,  the  ordinates  at  its  ends,  and  the    axis  of 

abscissas*      Thus  by  Boyle's  lavv^   the    product   of  the 

Tohme  by  the  pressure  is 

^'mstant;  i,e,,j3y  ^O.    The 

*!une  representing  the  va- 

riationa    of     volume     ami 

pfeBBnre    is    consequently 

*^  equilateral  hyperbola, 

^^Qs  if  a  gas   under  the 

Pt*H8ar©p,  has  the  volume 

I'  (Pig.  119),  the  work  done 

in  compressing  it  until  the 

Pleasure  ia  p  and  the  vol- 

^™e  v^ ,  is  represented  by 

^^e  area  vbav^.    In  the  ease  •  yua.  n». 

*^p[)osed  ^  been  done  upon  the  gas  and  the  curve 

^^  been  \mh  io  a\  i.e.,  in  the  negative  direc- 
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iiou.  If  tlie  gas  itHelf  does  irork  bj  expau«liiig,  tlie  cu 
will  be  described  from  a  to  £  and  the  work  is  a 
positive. 

Obviously  for  different  temperatures  tbe 
the  product  pv  will  vary  for  the  same  mass  of 
hence  the  curve  will  re]jre8eut  a  different  hvjM^rt 
euL'h  temperntuie.  Moreover,  since  along  t-nch  hj 
l»ola  tlie  temperature  is  coustant,  the  line  is  calle 
isothermal  Hue,  If  the  couipressiou  of  a  gns  beg| 
ducted,  therefore,  that  the  heat  produced  \»  coof 
abHtract(!d,  itH  temperature  will  rcMuaiu  t'onstant,  lUt 
coOnliDates  p,  v,  will  constantly  represent  poiuti^ 
same  isothermal.  If,  however,  the  heat  be  pM 
from  escaping  during  the  compressiou,  it  will  rah 

temperature  of  the 


4 

re  W 


Kir*,  lao 


volume  will  dinii 
rapidly  than  before 
same  iucretise  of  prei 
and  the  point  p,  v,  uri 
scribe  a  curve  callei 
adiabatic  or  isentropic 
(Fig.  120)  more  steep 
the  isothermal  curve. 

We  are  now  prepai 
consider  CarnoVs  cycl 
consists  of  four  di 
t)peratiou8.     lu  the 


« 


working  subHtance  expands  isothermally  from 
(Fig.  121).  But  since  this  expansion  would  cool* 
must  be  supplied  from  the  sonrce  to  nuiiiitain  th< 
jierature  constant.  In  the  second  operation  the  | 
still  allowed  to  expand,  but  no  heat  is  permitted  I 
into  or  out  ^^i  it.  Tiiis  expansion  is  therefore 
tropic  one  along  the  line  BO.  During  the  thi 
tion  the  gas  is  compressed  isothennally.  fron 
tlm  boat  thus  generated  escaping  U?  the  ref 
Lastly,  tlie  compression  is  continued  isentropi 
T)  to  vl,  the  working  substance  Jirriving  final 
£Ame  condition  of  temp^xaUwy,  yiessure,  and  vol 


in  a  voju 
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The  diagram  Imw  been  cleftcriberi  in  the  order 
i.e.,  more 
been  dom^ 
orking  sub- 
Lao  has  been 
rn  it,  and  the 
work  is  posi- 
tlie  first  and 
operations  work 
Ey  the  working 
K^;  in  the  tliird 

inrlh,    work    is         L ^-l ^--^ ;,^_^ 

»n    it      The        *" 
le    br    it    is  Fw  *2i. 

d  by  the  area  ABCv^v  ;  that  done  upon  it,  by 
ADCv^v.  The  difference  ABCD  re])reseiitH, 
the  excess  of  exteruul  work  wliicli  has  been 
ng  the  cycle  by  the  w^^^kiu^^  Hub.stance.  The 
ork  done  dnrin<^  the  first  operation,  repre- 
the  area  A/JL\t\  has  been  done  at  the  expeu8e 
lieat  supplied  from  the  source.     That  during  the 

tjpresented  hy  DVv^v^,  has  been  done  at  t]ie  ex- 
the  giiS  itself,  no  heat  beiu^  «up]}Iied  from 
The  negative  work  done  in  tlie  third  opera- 
eseuled  by  CDi\i\t  transferred  lieat  to  the  re- 
U  corresponding  in  amount.  And  tbat  done  in 
■b  operation  appeared  as  heat  in  the  working 
ee.  Heat  corresponding  to  the  area  ABv,v  has 
n  from  the  source  during  the  cycle,  and  heat 
ling  U-*  the  area  VDv^i\  has  been  given  to  the 
tr.  Tlie  difference,  represented  by  the  area 
therefore  the  heat  wliich  has  been  converted 
*    Tbe  ratio 

ABCD/\v^tv  ABv.xu   or  (H-H,)/H,       [65] 


BCf ifi  and  ADriO  are  evid«nlly  tf*i)t]i|],  ainc«  llitfv  rep- 
Its  of  work  \\ic  Ut*Al  rhuii^o  in  tin*  working  siibslutict'  uImmi 
iri»  I!*  allennl  liy  ihf  *jiino  amount:  i.e..  Iwtwwn  ibe  isothrr- 
l«  utirnA  of  tUvae  tkr^^as  ure  (ip|Hj«ite»  their  sutD  Lb  imro. 
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represents  the  fraction  of  the  heat  taken  from  the  soum 
which  the  engine  has  converted  into  work  during  cm 
revolutiou.     This  is  called  the  efficiency  of  the  eugiue. 

The  value  of  this  ratio  may  be  oLtidned  frum  tW 
])ropoBition  that  the  work  done  u]ion  a  ^as  in  compiett- 
iug  it,  and,  conversely,  the  work  done  by  the  gaa  i& 
expanding  again  to  its  oxiginal  volume,  the  tempemtnre 
remaining  the  same,  is  the  continued  product  of  the  ini- 
tial volume,  the  initial  pressure,  and  the  logarithm  of  t]*& 
ratio  of  the  final  to  the  initial  volume.  That  is,  W~ 
rjr),  log  t',/t»,.  In  the  above  diagram,  if  we  call  v  andp 
the  initial  volume  and  pre&8ure,  and  i\  the  final  volam^ 
the  work  represented  by  the  area  ABv^v  ia  vp  log  r,/r. 
That  represented  by  the  area  CDi\v,  is  t\p,  log  p. 
Since  tlie  heat  received- is  vp  log  vjv  and  that  giv( 
is  t?,f),  log  i\/v,  the  difference  rplog  v,/v  — t?jt>,  log  rjr, 
represents  that  utilized  ;  and  the  ratio  of  the  heat  uti- 
lized to  the  whole  heat  taken  from  tlie  fiource,  or 


vp  log  vJv  -  v,y,  log  yp, 
vp  log  vJv  ' 

represents  the  efficiency.     Now  if   the  area,  J  BCD  he 
made  indefinitely  small,  it  can  be  shown  that  the  alx>vft 

expression  becomes  ^,  since  then  —  =  — ,    Bat 

'  vp  r,      tf 

vp—Rf^  and  v,p,  =  i?^,,  where  6^  and  ^,  are  the  abeolota 

temperatures  of  the  isothermrfla.    Whence  (^#—i?^,)//?^ 

or  (6*  —  0^)/B,  represents  the  fraction  of  the  energy  ntiiizctl; 

or  in  other  words,  the  efficiency  of  the  engine.     It  will  \a 

seen  that  the  function  of  the  working  substance  is  soleli 

to  receive  the  heat  from  the  source  and  to  divide  it  intos 

two  portions,  one  of  which  goes  to  the  refrigerator,  whili 

the  other  is  converted  into  weak.     The  heat  is  received 

at  tlie  higher  temperature  ^  and  is  given  up  at  6  \  luid 

we  have  proved  that  the  efficiency  of  such  an  engine, 

which  is  the  fraction  of  the  total  heat  received  which  is 

converted. into  work,  is  represented  by  (^— ^,)/^;  or  ia 

other  words,  is  a  function  only  of  the  temj^eratures 
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tween  which  the  eugine  is  worked.  Carnot's  principle 
ii.ss«*rts,  therefore,  that  the  qnautity  of  heat  which  can  be 
converted  into  work  is  entirely  indepentlent  of  the  nature 
f  the  working  substance  and  is  determined  solely  by  the 
iuge  of  temperatures  between  which  the  conversion  is 
effected. 

This  important  generalization  teaches  us  that  under 
ny  conditions  attainable  in  practice  the  efficiency  of  a 
lieat-engiue  must  necessarily  be  low.  Thus  suppose  the 
boiler  of  aCarnot's  engine  to  have  a  temperature  of  130° 
(403°  abs,)  and  the  condenser  one  of  0"  (273°  abs.) ;  then 
only  a  fraction  of  the  whole  hcat-euprgy  supplied,  rep- 
resented by  (403  -  273)/403,  or  130/403.  can  be  con- 
verted  into  work.  This  is  only  about  32*25  per  cent. 
Working  even  at  six  atmospheres  ]>reHsnre,  the  absolute 
tenn>erature  of  the  source  would  be  only  429^,  And 
since  a  lower  temperature  than  about  316°  is  not  attain- 
able in  the  condenser,  the  ethcieucy  of  the  engine  would 
bft  only  26'34  per  cent.  Commercially,  however,  it  is 
mre  to  attain  half  this  efficiency.  Moreover,  the  formula 
kIiows  that  complete  conversion  is  unattainable,  since 
[8  —  6^)/S  is  equal  to  unity  only  when  d^  is  zero ;  i.e., 
when  the  condenser  is  at  the  absolute  zero  of  tempera- 
ture ;  an  impossible  condition  practically. 

But  thia  engine  of  Carnot*s,  since  it  is  a  completely 
reverftible  engine  is  a  perfect  engine.  In  other  words,  its 
efEciency  is  a  maximum,  and  the  amount  of  conversion 
which  it  effects  is  gi*eatep  than  that  M-hich  can  be  pro- 
duced by  any  other  engine.  For  if  not,  suppose  a  revers- 
ible pugiue  -1  geared  to  a  non-reversible  one  jB,  both 
working  botweeu  the  same  temperatures.  8upp(jsp  the 
efficiency*  of  B  higher  than  that  of  A  ;  then,  since  it  is 
Mfire  perfect,  the  eugine  B  will  prodm^e  more  work  than 
A  from  the  same  quantity  of  heat;  and  the  expenditure 
upon  the  reversible  engine  A  of  a  part  only  of  this  work 
will  suffice  to  restore  this  entire  amount  of  heat  to  the 
source.  If  now  B  working  forward  be  employed  to 
drive  A  backward,  then  the  work  produced  by  li  from 
a  given  quantity  of  heat  will  be  sufficient  not  only  to 


pursws 


851) 


drive  A  backward  and  thus  restore  all  this  Le^it  to  tli^ 
source,  but  will  in  addition  drive  Bome  furui  of  mAc 
This  excess  of  work  has  not  come  from  beat 
the  source ;  since  the  exact  amount  taken  hy  engine  B 
has  been  restored  by  engine  A,  It  must  therefore  U 
derived  from  the  heat  which  A  takes  from  the  refri{!«- 
ator  in  excess  of  that  given  to  it  by  B.  If  we  assume  tin 
temperature  of  all  surrounding  bodies,  except  the  refng. 
erator.  to  be  the  same  as  that  of  the  source,  we  have  lien 
a  result  contrary  to  all  oxporiouce;  namely,  the  productjoii 
of  work  by  means  of  heat  taken  from  a  body  colder  tLA& 
all  surrounding  bodies.  Hence  the  hypothesis  that  tlien 
can  be  an  engine  having  a  higher  efficiency  thnu  a 
reversible  engine  is  incorrect.  Moreover,  it  follows  tlitt 
all  reversible  engines  have  the  same  elHciency  whatever 
the  Marking  substance  employed,  provided  Uiat  ihej 
work  between  the  same  temperature-limits. 

338.  Thoriiiodynaiaics*— The  name  themiodyuamicA 
is  given  to  that  departn»eut  of  physics  wliioli  cousidnrs 
the  relations  of  heat-euerg}*  Ut  mechanical  energy,  ami 
which  treats  of  the  conditions  of  their  mutual  convef^ 
bility.  Tlie  first  law  of  thermodynamics  states  the 
equivalence  of  lieat  and  work.     It  is  as  follows: 

**When  equal  quantities  of  mechanical  effect 
are  produced  by  any  means  whatever  fniw 
purely  thermal  sources,  or  are  lost  in  purolv 
thermal  effects,  equal  quantities  of  heat  art) 
put  out  of  existence  or  are  generated." 
(Tliomson.) 

The  second  law  relates  to  the  transformation  of  heil 
into  work.     It  way  be  stated  as  follows  ; 

**  If  au  engine  be  such  that  when  it  is 
worked  backwards  the  physical  and  mechanical 
agencies  in  every  part  of  its  motions  are  all 
reversed,  it  produces  as  much  niechanical  effect 
as  can  be  produced  by  any  thermodynamic 
engine,  with  the  same  temperatures  of  source 
and  refrigerator,  from  a  given  quantity  ol 
heat."    (Thomson.) 
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P  330.  Absolute  Zero  of*  Toiiiperntiire.  —  We  have 
nlreml>  seeu  that  if  in  the  expreHHiou  pv  =  C{1  -\-  yi), 
h  be  made  —  l/y,  pv  will  be  equal  to  zero,  and  the  kiuetic 
fenerp^-  of  the  gas  molecules  will  alwo  be  zero.  Since  y 
na  0<H>3GG5,  this  value  of  /  is  —  273° ;  whence  this  jwint 
rwaa  called  the  absolute  zero  of  temperature.  Sir  Wm. 
PTliomson  has  pointed  out  the  fact  that  the  second  law  of 
t^liermoilyuamicb  furnishes  still  other  data  for  construct- 
png  a  definition  of  temperature  which  shall  be  absolute ; 
rLe.,  independent  of  any  particular  substance  and  deter- 
I  xnitied  solely  by  the  laws  of  energy-transforiuation.  In 
I  the  Carnot*s  cycle  just  referred  to,  we  saw  that  the  effi- 
I  oiency  of  the  eu^ne  was  represented  by  the 

^  ATe&  ABCD  _  Heat  utilized  _  //- 7/,  ^ 

^H  Area  ABv^v  ~"  Heat  supplied  ~*      H 

I  and  also  by  {e  ~  e^)/H.  Whence  UJH^ejti-,  or  in 
I  other  words,  "the  absolute  values  of  two  temperatures  are 
I  to  one  another  in  the  pro])f>rtion  of  the  heat  taken  in  to 
I  the  heat  rejected  in  a  perfect  thermodynamic  engine  work- 
I  inp  with  a  source  and  refrigerator  at  the  hij^her  and  lower 
[  of  the  temperatures  respectively  "  (Thomson).  Hence  if 
I  i'  —  6*,  represent  the  difference  of  the  areas,  6  and  ^,  will 
I  lie  proportional  respectively  to  the  ureas  re})resenting 
I  i\\e  heat  taken  in  and  tliat  rejected.  The  experiments  <»f 
I  Joule  and  Thomson  have  shown  that  the  ratio  of  these 
I  areas  is  as  1*365  to  1  when  the  heat  is  received  at  the 
r  tem|>erature  of  boilin^^  water  and  rejected  at  that  of 
\  incllin^  ice.  Calling  x  the  latter  tem}>erature  absolute* 
I9  -|-  lUO  will  repre.sent  the  former  temperature  also  abso- 
F  lole  ;  and  since  ff :  /y,  ::  //  :  7/, ,  we  have  x  -f- 100  :  x  :: 
1-365  :  1 ;  which  f^ves  *27M-^)  as  the  value  of  x.  Hence 
the  absolute  temperature  of  melting  ice  is  273*9^  ;  and  the 
temperature  of  the  absolute  zero  is  —  273'9°  ;  the  degrees 
I  being  of  the  same  value  jvs  those  of  which  one  hundred 
I  tneasures  the  difference  between  the  freezing  and  the 
I  boiling  {>(>ints  of  water. 
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340.  Terrehtrirtl  HouriTn. — Since  beat  l»  ouly  afonn 
of  energy,  and  since  nil  foruis  of  euergjt  are  to  ft  preaU: 
or  less  extent  mutually  convertible,  it  is  plain  that  tbr 
terrestrial  Hourcen  of  heat  niu.st  be  an  nuiueruus  av  iL- 
forms  of  energy  upon  the  earth's  surface.  Morpover, 
the  energy  which  provideH  ua  with  heat  exiata  previnuslj 
iu  both  kinetic  aud  potential  forms.  The  energy  of  luot- 
ing  air  and  water,  as  iu  wiuds.  tidal  wfvves,  and  t*ceui 
currents,  exista  iu  the  first  fornix  that  of  stored  water  aud 
of  fuel  exists  in  the  aecoud.  By  frictiou,  by  conipreKfiion, 
by  percuHsion,  or  by  any  jtrocess  by  which  motion  is 
gradually'  or  suddenly  arrested,  heat  is  mechauu*alU 
produced. 

341.  Chemical  Action. — The  most  general  method 
of  heat-producti<m  upon  the  earth  is  combustioti;  Iv 
which  is  meant  chemical  combination  in  general.  Chem- 
ical unit»n  is,  in  by  far  the  greater  number  of  cas6>t 
exothermic  ;  that  is,  attended  with  the  evolution  of  beat 
Moreover,  when  a  definite  mass,  say  of  carbt>n  or  of 
hydrogen,  is  burned,  the  quantity  uf  heat  produced  '^ 
perfectly  definite,  also. 

Extended  calorimetric  experiments  on  the  heat  pro- 
duced  by   combustion    have   been   made   by  Amlrrw?. 
Favre  and  Silbermann,  Berthelot,  Tliomsen,  and  otlicru. 
The  calorimeter  eu»ployed  by  Andrews  for  gaaea  con- 
aisted  of  a  cylinder  revolving  on  trunnions,  coutainiogft 
second  cylinder  closed  at  the  ehds,  within  wliich  veiis  a 
third  cylinder  filled  witli  water.     Inside  of  this  was  t 
thin  copper  vessel  containing  the  gaseous  mixture.    The 
calorimeter  was  revolved  for  some  minutes  iu  order  tt> 
bring  the  whole  to  a  uniform  temperature.    By  means  of 
two  wires  leading  in  to  the  inner  vessel   a  spark  whs 
passed   and   the  gaseous  mixture  was   tired.      After  ft 
second  rotation  the  temperature  was  again  determined. 
Knowing  the  mass  of  the  wattM*,  the  water-equivnlenl  of 
the  calorimeter,  and  the  rise  of  temperature,  the  total 
heat  in  water-gram-degrees  is  easily  calcnlated.     The 
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Wttler-graui 
degrees. 

Ergs.       < 

Observe 

34000 

1-43  X  10" 

A.F 

8000 

3-3«xl0- 

A,F 

2300 

9-66  X 10'" 

A.F 

5747 

2  41x10' 

A 

1301 

5-4(;xl0'* 

A 

1576 

6-G2X10'' 

A 

2420 

1-02x10" 

A 

13100 

5-50x10'* 

A.P 

11900 

5-00x10" 

A.P 

0900 

2-90x10" 

A,P 

qnotieut  of  tliia  value  bj  the  uiaas  of  the  gas  bunied 
gives  the  calorific  equivalent  By  such  a  process  as  this 
or  one  not  iliSeriug  from  it  iu  priuciple,  the  followiug 
valaes  have  been  obtained  : 

CUMIiUSTlON-KQUIVALENTS. 

fittbtance-  Compound 

formco . 

Hydrogen. , .  H,0 

Carbon CO, 

Sulphur...  SO, 

Phosphorus.  P,Oj 

Zinc ZuO 

Iron Fe.O, 

C&rboD  mon- 
oxide   CO, 

Mnr»h-gfiM. . .  CO,  and  H,0 
Olefiant  pis.  CO,  and  H,0 
Alcohol CO,  and  H,0 

For  example,  one  gram  of  carbon  in  combining  with 
oxyg*^n  to  U  irru  carbon  dioxide  will  set  free  8( WO 
watpr-Kram-ilegroes  of  heat,  equivalent  to  1*43x10'"  ergs 
in  meclianical  value,  according  to  Andrews  and  to  Favre 
isnd  Hilberniann.  A  similar  table  can  bo  constructed 
giving  the  units  of  heat  evolved  by  the  union  of  such  n 

ie»  of  substances  with  any  other  electronegative  ele- 
^frut  ancli  a^  chlorine,  sulphur,  or  phosphorus. 

34t2.  Calurtfic  Intensity. — The  tentperature  which  is 
attiiiued  iu  combustion  depends  not  alone  upon  th«' 
quantity  of  heat  produced  as  measured  in  the  calorimeter, 
but  also  u]»on  the  mass  and  the  speciiic  heat  of  the  prod- 
ucts of  combustion.  Thus,  for  exfiuipli',  one  gram  of  hy- 
drogen in  combining  with  oxygen  produces  34000  water- 
gram-degrees  of  heat,  while  one  gram  of  carbon  pro- 
duces only  8000  such  units.  This  one  gram  of  carbon  in 
burning  yields  307  grams  of  carbon  dioxide  ;  fvnd  we  may 
asMume  that  the  hvat  of  combustion  is  all  expended  in 
nuMug    the   tera])erature   of   this   combustion-productv 
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Since  the  Bpeciiic  heat  of  carbon  dioxide  is  0*2163,  od» 
unit  of  heat  will  niine  tlie  teruperature  of  one  gram  1'6°, 
aud  of  3*07  ^rania  1*20" ;  ho  that  8000  uults  would  raise 
ita  toniperature  10078°,  were  no  heat  lost.  One  gram  of 
hydrogen  iu  huniing  producea  9  grams  of  water-vapor. 
In  the  calorimeter  this  water-vajior  is  condensed;  so 
that  the  above  34000  heat-uuits  represents  the  heat  of 
vaporization  as  well  as  that  of  c<imbustiou.  Aa  the 
former  quantity  has  the  value  53()  Iteat-units  for  one 
gram  of  water-va])or,  or  4824  uuits  for  nine  grams,  the 
latter  iiuantity  must  be  34000  -  4824  or  29176  heat-units. 
Since  the  u{>ecific  heat  of  water-vapor  is  0-4805,  one  h«^at- 
unit  will  raise  the  temperature  of  nine  grams  of  this 
vapor  0'2313"  and  29176  such  units  will  raise  it  6747', 
supposing  that  all  the  heat  is  expended  in  raising  the 
temperature  of  tlio  water-vapor  produced.  So  that 
under  these  conditions  the  temperature  of  combusUoa. 
Le.,  the  calorific  intensitj,  is  higher  iu  the  case  of  carbno 
than  in  that  of  Iiydrogen,  although  the  heat  of  comlin;*- 
tion  is  greater  in  the  latter  ease.  In  general  the  cjilurifit 
intensity  is  obtjiiued  by  dividing  the  heat  ol  combustioD 
by  the  product  of  the  mass  of  the  combustion-product 
into  its  specific  heat. 

When  the  combustion  takes  place  iu  the  air,  however, 
the  calorific  intensity  is  less,  since  a  part  of  the  heat 
produced  goes  to  raise  the  temperature  of  the  nitrogen. 
As  unit  mass  of  hyilrogen  combines  with  eight  units  ol 
mass  of  oxygen,  and  as  in  air  8  mass-units  of  oxygen  are 
mixed  with  26*8  mass-units  of  nitrogen,  it  follows  that  t*> 
raise  this  26'8  grams  of  nitrogen  1°^  since  the  specific  \wa\ 
of  nitrogen  is  02438,  the  heat  required  is  26-8  x0-243» 
or  6*534  >vater.gram-degrees.     Inasmuch  as  4'324  heat- 
units  are  required  to  raise  the  products  of  combnstJM 
1°,  it  is  evident  that  10'8o8  heat-units  will   be  requiffl 
to  raise  both  1".     Whence  the  combustion-temperatifl 
under  these  circumstances  is  29176/10*858  or  2687°.    iM 
temperature  of  the  oxy-hydrogeu  fiame  is  estimatedfl 
ibe  from  2200"  to  2400"^  so  that,  owing  to  loss  of  heat ■ 
communication  to  surrounding  bodies,  by  convection  ^| 
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Tadiatiou,  these  theoretical  temperatures  nre  never 
tained  in  practice.  A  greatly  increased  calorific  iuten- 
y,  however,  may  be  nbtaiued  by  previously  heating  the 
r  used  for  combustion  to  a  high  temperature  ;  aa  ia 
en  i«  the  lu»t-blast  irou-furuace,  the  Siemenft-Martin 
generative  furnace,  and  the  Siemens  regenerative  gaa- 

:i4;).  Heat-value  of  Fuels. — Carbon  unites  with  oxy- 
(D  in  two  stages:  in  the  first,  one  gram  unites  witb  Ij 
Ams  of  oxygen  to  form  carbon  monoxi<1e;  and  in  the 
cond,  this  2J  grams  of  carljou  iuono\i<b?  unites  with 
\  additional  1^  grams  of  oxygen  t<>  f^nni  3|  grams  of 
.rbnn  dioiide.  lu  the  first  operation,  2400  heat-units, 
•,,  water-gram-degrees,  are  ]>ro<Iiiced  ;  in  the  second, 
100  heat-uuits.  It  is  upon  thin  high  licat  of  combns- 
>n  of  carbon  monoxide  that  its  value  in  the  blast-fur- 
Ice  depends.  Again,  four  grams  of  marsli-gas  consists 
I  three  grams  of  carbon  and  one  of  hydrogen  ;  hh  that  its 
ftat  of  combustion  sliouhl  be  one  fourth  of  (8000  X  3)  -)- 
4000  Xl)  or  14500  heatunits,if  it  is  simply  the  sum  of 
le  combustion-heats  of  its  constituents.  Experimon- 
My,  however,  the  heat  of  combustion  of  marsh-gas  is 
itind  to  be  only  13100  heat-units.  A  moment's  consid- 
Fatlon  shows  that  before  the  carbon  and  the  hydrogen 
Ui  unite  with  oxygen,  they  must  be  separated  from  each 
ther  ;  and  that  this  sejiaratiou  requires  the  expenditure 
[  energy  in  the  form  of  heat.  Hence  of  the  14500  heat- 
nits  produced,  1400  are  expended  in  scj>arating  the 
U'bon  and  hydrogen  ;  leaving  131()0  available  as  the 
Bat  of  combustion.  Evidently  this  1400  heat-units  rep- 
ftaents  also  the  heat  <jf  combination  wlien  marsh-gas  is 
m^d.  From  the  analysis  of  a  fuel,  then,  such  as  a 
^K|aR,  a  wood,  or  a  coal,  the  heat  of  combustion  may 
^^kadily  calculated.  If  oxygen  be  ])reseut,  the  hydro- 
necessary  to  form  water  with  it  must  bo  subtracted 
the  total  h3'drogon.  It  is  usual  to  calculate  the 
f  the  hydrogen  as  marsh-gas,  taking  the  necessary 
of  carbon  ;  the  rest  of  the  carbon  being  re- 
J  free.     In  fact,  luiwever.  the  calculated  heat  of 
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«ombastion  of  a  fuel  varies  considerably  from  that  <l^ 
tertoiueil  experimeutallj  in  the  calorimeter  ;  »o  tlmttbe 
laiior  method  is  generally  jjreferretL     In  a  general  way 
the  heat  of  combustion  may  be  taken  as  2(K)(H)  lfr«t» 
anits  for  coal-gas,  lOOOO  for  petroleum,  H2CM)  for  bitnmi— 
Qoos  coal,  6000  for  Huthruoite  coal,  and  lUKX)  for  wood.  By- 
dividing  these  unnibera  by  536,  the  number  of  miittfii^ 
mass  of  water  evaporated  from  lOO''  by  the  *.*ouiba^tioia 
of   one   unit  of   mass  of   the  comlniHiible   is  obuiueiL 
Eridently  the  efficiency  of  a  boiler  may  be  determiuf^ 
in   this  way  by  measnriug  the  quantity  of  water  evapo 
rated  per  nnit  mass  of  a  standard  fuel. 

344.  Thernio-cliewlstry. — All  changes  in  matter  ap> 
pear  to  involve  corresponding  energy -changes  (7\ ;  Jiud 
since  the  energy-change  geuoralij-  take.s  the  form  of  Leal, 
thermiuchemistr}-,  which  '*  treats  of  the  measurement  nl 
chemical  energy*  in  thermal  units.**  has  become  au  in- 
portHut  branch  of  chemical  science.  Although  ilw 
fundamental  law  of  thermo-chfc»Tnical  processes  was  fiwt 
stated  as  early  as  1840  by  Hess,  yet  it  is  to  the  mow 
recent  researches  of  Thomsen  and  of  IJerthelot  that  ve 
owe  most  of  our  present  knowledge.  In  additinu  toei- 
pressing  simply  the  mass-changes  taking  phu'c,  chemical 
equations  are  now  required  to  express  tlie  heat-changed 
also.     Thus  the  equation 

/»&  4-  /,  =  Phl^  -f  39800  heatunita 

expresses  not  only  the  fact  that  206*9  units  of  mass  of 
lead  aud  253*8  units  of  mass  of  iodine  combine  to  form 
4607  mass-units  of  lead  iodide,  but  also  the  fact  that  these 
masses  of  lead  aud  iodine  together  contain  3i)H(>0  heat- 
units  of  energy  more  than  the  mass  of  lead  iodide  result- 
ing (Ostwald).  The  heat-changes  which  take  place  m 
chemical  reactions  have  been  classified  by  Berthelot  »s 
exothermic  when  there  is  an  evolution  of  heat  and  en- 
dothermic  when  heat  is  absorbed.  And  he  has  stated 
the  three  underlying  principles  of  thermo-chemistrj  as 
follows :    (1)    The    amount    of    heat    set    free    in 
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AUj  t'Lf^inical  renctiou  is  a  measure  of  the 
^otal  work  acctiiiipli8hed  iii  the  reactiou;  (2) 
"iienever  changes  are  produced  in  a  fljatetu 
without  causiijg  an  exteruul  luechauioal  effect, 
'he  evolution  or  al>8orption  of  heat  thence 
r<*Hultin^  depends  only  on  the  initial  and 
^'»nl  8tate8   of   the    system;   (3)  Every   chemical 
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4itige    efleuted    in    a    system    without    the   aid 


"■  oatside  energy  tends  to  the  production  of 
*'>ut  body  or  svfttem  of  bodies  tlie  formation 
"  ^    which    evolves   the    maximum    heat. 

345.  CoHniical  Sources. — The  chief  source  of  supply 
**f  ener{»y  to  the  earth,  however,  is  the  sun,  whose  radia- 
^on,  when  it  reaches  us,  is  for  the  most  part  converted 
*hto  heat     Thf*  amount  of  heat-enerfj[y  thus  received  by 
tlie  earth   was   lirst   measured    in   1838   by   Punillet   by 
»neans  of  his  pyrlieliometer,  wliich  consists  of  u  hollow 
■link  of  steel  coutaiiiiug 
nriorcnry,    in     wliioh     is 
jdarcd  the  bulb  of  atlfli- 
onto     thermometer,    and 
^hich  is  so  mounted  on 
a  stand  that  the  fiice  of 
the    disk,  which  is  cov- 
ered with  lampblack,  can 
bo     placed    norm  ally    to 
tlio  sun's  rays.     The  in- 
Htrumeut  is  first  exposed 
to    clear    sky    for    tive 
niiutites  in  the  shade  and 
the  fall  of  tempirature  is 
noted.     It    is  then  ex- 
posed tn  the  sun  for  five 
minutes  and  the  rise  of 
temperature    is    noted. 
A    Mecond    exposure    to' 

the  clear  sky  is  made  and  the  cooling  observed.  From 
the  data  thus  obtained  Fouillet  calculated  that  the 
amontit  of  heat  which  reaches  each  square  centimeter 
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of  the  earth's  surface  iu  one  minute,  suppodng  tlie 
atmosphere  absent,  would  raue  the  temperature  of  176 
grams  of  water  oue  degree.  In  1877,  YiolJe  miwle  n 
much  more  accurate  series  of  experimeuts  with  a  f;IoL« 
actinometer  (Fi^.  122)  (le\'i8ed  for  the  jmrpose;  from 
which  he  deduced  2*54  ah  the  vahie  of  tlie  solar  cousU&L 
In  1881  Laugley  improved  this  instrument  and  used  it  la 
hiK  researfhes  made  u])ou  Mt  Whitney  at  an  altitude  i>f 
14500  feet.  He  says:  "My  conciusiou  is  that  iu  view 
of  the  large  limits  of  error,  we  cau  adopt  three  calories  ha 
the  most  probablo  value  of  the  solar  constant ;  by  wLich 
I  mean  that  at  the  earth's  mean  distance,  in  the  abseuce 
of  its  absorbing  atmosphere,  the  solar  rays  woald  r&ide 
oue  gram  of  water  three  degrees  centigrade  per  minote 
for  each  normally  exposed  mpiare  centimeter  (jf  its  sur- 
face." This,  he  points  out,  is  "  approximately  126  ooO  0()0 
ergs  per  s<piare  centimeter  per  minute  ;"  aind  it  implies 
" a  solar  radiation  capable  of  melting  an  ice-shell  5445 
meters  deep  annually  over  the  whole  surface  of  the 
earth."  Measured  as  energy,  every  square  meter  of  the 
earth's  surface  under  a  vertical  sun  receives  21  kilowatts 
continuously;  this  l^eiug  reduceil  to  about  1*6  kihiwatts 
by  the  atmospheric  absorption.  Of  this,  0*2  kilowatt  ap- 
proximately cau  be  utilized  practically.  Iu  EricssoD*s 
solar  engine,  enough  solar  heat  was  collected  by  meaus 
of  a  reflect<ir  3*35  meters  by  4*87  meters,  to  work  a  two 
and  a  quarter  kilowatt  engine  satisfactorily.  On  an  av- 
erage, the  earth's  surface  receives  annually  upon  e*rh 
square  meter  an  amount  of  energy  which  if  it  were  aH 
utilized  wo\dd  raise  1056*5  metric  tons  to  the  height  nf 
a  kilometer  (Young). 

If  we  may  assume  that  the  radiation  varies  invermlj 
as  the  square  of  the  distance,  the  radiation  at  the  solar 
surface  for  an  e(|ual  area  must  be  460(10  (imes  that  W- 
ceived  by  the  earth  ;  which  is  equal  to  ai>out  1380  mil- 
lion calories  per  square  meter  ])er  minnte,  or  equal  to 
more  than  90000  kilowatts  contiuuonsly  iu  action.  If 
the  sun  were  frozen  over  to  a  depth  of  fifteen  meters,  this  i 
layer  of  ice  would  be  melted  in  one  minute.     To  produce 
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heat  by  the  combustion  of  anthracite  coal  would  re- 
ire  the  hourly  fimsumptioii  t»f  eleven  metric  tons  upon 
ery  square  meter  of  the  .sun's  surface,  equivalent  to 
luyt^r  of  8uch  coal  5  or  6  niBters  thick  over  )us  entire 
ea.  At  this  rate  the  huu  if  made  of  coal  would  be 
tirely  consumed  in  less  thjiu  *i(KMJ  yearn  (Young). 
34M.  Solar  Ori|^n  ot'Terr<ri!itrial  feuerg-y. — Moreover 
is  to  the  wthir  radiation,  absorbed  and  trauHformed 
on  the  earth's  surface,  that  we  are  indebted  not  only 
or  the  phenomena  called  thermal,  but  also  for  all  the 
ilier  energj'-phenomena  which  we  wituens.  The  water 
hich  falls  upon  and  turns  the  water-wheel  of  the  mill 
ai8  rairti^d  by  Holar  energy.  The  wood  which  we  ubb  as 
nel  and  tlio  grain  which  we  consume  as  food  are  valua- 
le  to  us  only  because  of  the  energy  which  they  have 
tared  up  from  the  sunlight  iu  which  they  grew.  Even 
he  coal  which  is  mined  from  the  deptlis  of  the  earth 
volves  on  burning  the  energy  of  past  ages  gathered 
Hien  the  plants  of  the  carboniferous  epoch  drauk  iu  the 
anlight  nf  those  days.  Both  food  aud  fuel  owe  their 
alue  to  the  potential  energy  which  they  contain  ;  an4l  this 
nergy  is  all  stored  sunlight.  Von  Heliuholtz  has  nhown 
]iat  the  earth  receives  only  one  twenty-three-hundred- 
ilHonth  part  of 'the  whole  solar  radiation.  It  is  only 
Lis  small  fraction  o{  the  emitted  solar  energy  which  im- 
liuges  upon  the  earth  on  its  way  into  space.  IJut  this 
mall  fraction  suflfers  many  and  wondrous  tninsforma* 
ious  duriu^  its  brief  residence  upon  our  planet.  It 
urns  the  wheel  of  the  mill,  it  drives  the  steamship,  it 
Qoves  the  train.  It  lifts  the  blacksmith's  hammer,  it 
[aides  the  farmer's  plow,  it  transmits  the  merchant's 
lommandK.  It  appears  in  the  wong  of  the  poet,  the  life- 
ike  creations  of  tlio  sculptor,  the  symphony  of  the  ma- 
ician.  Aud  then  having  vivified  aud  beautified  our 
earth  it  speeds  on  its  way  agaiu,  to  encouuter  new  worhhs 
possibly  and  to  suffer  in  them  also  still  other  transfor- 
mations. 

•147.  f>isHiiiuti<»ii  of  Eii<*rg'y. — Since  we  cannot  create 
nergy  Aud  can  only  transform  it,  it  is  apparent  that  a 
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given  quantity  of  one  form  of  energy  cad  be  produced 
only  nt  the  expense  of  an  equivalent  qnnntitv  "^  *    ■ 
other  fttrm;  \vh«uce  it  ft>IlowK  that  u  i»er|.ietuHl  u      ;: 
is  impossible.     Moreover,  since  no  known  natural  p^o^ 
ess  is  completely  reversiljle,  and  since  heat  is  tbe  Eora 
of  energj*  which  most  readily  escapes  couvorsioo,  itM- 
lows  that  every  transformation  which  is  cflfectedbTU 
imjierfect  process  must  result  in  the  simnltanei.i!-  i 
duction  of  a  certain  quantity  of  heat;  which  heat  t-   i 
to  difTusiou  and  to  the  consequent  production  of  a  am* 
form  temperature.     Inasmuch  as  heat  is  the  lowest  fnm 
of  euerg}',  there  is  in  every  energy-transformatiou  a  iL^- 
radutiou  of  energy ;  i.e.,  a  conversion  of  energy  iutn  a 
less  available  form,  a  form  less  capable  than  before  ot 
being  transformed.     As  time  goes  on,  therefore,  tlier«is 
a  continual  increase   iu  the  unavailable  energy  ami  i 
continual  decrease  iu  the  available  energy  of  the  urn- 
verse  ;  albeit  the  t<»tal  energy  remains  unc}mn>;ed.    Orw 
it  is  stilted  by  Tait :  '•The  entropy  of  the  uni%*er8e  temte 
to  a  minimum  "  ;  UHing  the  term  entropy  to  denote  nvailft- 
ble   energy.     Ultimately,  therefore,  a   uniform  tempera- 
ture will  be  reached,  all  tlie  enerj^y  of  the  universe  will 
become  uuavailable,  and  all  motion  and  change  of  everj 
kind  will  cease.     This  is  Thomson^s  doctrine  of  the  Disj- 
sipation  of  Energy. 

:i48.  Oriiriu  of  the  Solar  Eiiergr.— If  it  be  graiit«<l 
that  the  radiation  of  energy  from  the  sun  is  as  enor- 
mous as  has  now  been  stated,  it  becomes  an  interesting 
question  to  ask  b^*  what  agency  this  tremendous  ex- 
penditure is  maintained.  That  it  cannot  be  due  to 
condiustion  follows  from  Thomson's  statement  tliat 
were  the  sun  composed  entirely  of  those  suV>stance« 
which  evolve  the  maximum  heat  on  burnings  bis  entire 
mass,  at  the  present  rate  of  emissiiwt,  would  lie  consumed 
in  about  5000  years.  The  meteoric  tlieory,  proposed 
by  Waterston  and  at  one  time  quite  iu  favor,  supposes 
the  solar  heat  to  be  due  to  the  impact  of  meteorites  up*.»n 
his  surface.  In  support  of  this  view  Nordenskjold  esti- 
mates that  half  u  million  tons  of  meteoric  matter  fall  ou 
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artb  every  year ;  and  ThouiBou  tialcnlateB  that  a 
)f  only  0-3  of  a  gram  of  matter  per  second  upon 

aqoiiro  meter  of  tho  solar  surfure  would  furujsh 
[y  sufficient  to  maintain  his  present  radiation. 
over^  Young  computus  that  a  quantity  of  meteoric 
vt  equal  to  0"01  of  tlie  earth's  mass  striking  the  sun's 
ce  annual]}'  with  a  speed  of  600  kilometers  per 
id  would  develop  heat  sullicient  t<)  cover  his  total 
riou.  It  would  seem  hardly  possible,  however, 
3veu  one  per  cent  of  the  sun's  emitted  radiation  can 
counted  for  iu  this  way.  The  theory  now  gener- 
iccepted  is  that  of  von  Helmholtz.  He  considers 
the  energy  emitted  by  the  snn  is  due  to  his  contrac- 
D  volume.  Lane  had  shown,  in  1870,  that  a  gaseous 
!e  losing  beat  by  radiation  and  contracting  under 
vn  gravity,  must  rise  in  tem{)erature  and  actually 

hotter,  until  it  ceases  to  be  a  perfect  gas ;  the 
ic  energy  developed  by  the  shrinkage  of  a  gaseous 
being  more  than  sufficient  ict  replace  the  loss  of 
which  caused  the  shrinkage.  Vou  Hf^lmholtz  has 
lated  that  a  contraction  of  only  38  meters  in  tl»e 
radius  would  account  for  the  whole  annual  output  of 
;y.  To  reduce  the  sun's  dianleter  by  one  second  at 
■ate  would  require  1H)00  years.  If  the  sun  were  to 
act  to  one  half  his  present  diameter  and  therefore 
B  eighth  of  his  jiresent  volume,  his  density  would 
lly  twice  tbat  of  the  earth,  but  the  work  done  in 
ontractiou  would  supply  the  energy  of  the  solar 
m  for  more  than  four  million  years. 
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PART  FOURTH. 
'HYSICS  OF  THE  ^THER. 
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SeCHON   I. — NATUIiE  OF  BaDUTION. 


I>f*fiii!tioii  of  Radiation. — The  uame  radiation 
to  the  transference  of  enerpfy  by  means  of  pori- 
kurbauces  iu  a  special  medium  iilliug  all  spac-e 
kd  the  a?ther.     Tlie  precise  nature  of  these  dis- 
ks ia  uukuowu  to  us,  although  the  laws  according 
I    thej    take    place   are   thoHe   of    wav6*motion. 
»  not  due,  however,  to  changes  of  position  in  the 
Bcessarily,  but  may  tirise   from   changes  iu  itH 
I  its  electric  condition,  or  in  some  other  of  its 
es.     "The  essential  character  of  the  theory  of 
Dns,"  Bays  Maxwell,  "would  remain  the  same  if 
to  substitute  for  ordinary  motion  to  and  fro  any 
rc«ssiou  of  oppositely  directed  conditions." 
Cbaracleri Miles   of  the   ^ther. — Like    other 
matter,  the  aether  is  known  to  us  only  by  its 
es.     Siucd  the  vibrations  which  are  assumed  to 
e  radiant  energy  are  transverse  vibrations,  that 
ribratious  perpendicular  to  tlie  direction  along 
i^  energy  is  trausniitted,  it  follows  that  the  me- 
which  tltese  waves  are  propagated  must  pos- 
dity  ;  i.e.,  must  in  so  far  l)e  a  solid,     Thomson 
gned  to  it^he  density  9'3(>  X  lO""  ;  so  that,  iu 
vrJis  the  mass  of  one  cubic  centimeter  is  only 
H)0000  000000  J>36gram.     This  density,  although 
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about  the  aame  as  that  of  the  atmosphere  at  the  Leigfat 
of  340  kilometers,  is  yet  enoriuoasly  great  as  comp&nd 
-with  that  which  air  would  assume  in  interstellar  Bp&ce. 
The  rigidity  of  the  tether,  according  to  the  same  autbor> 
ity,  is  approximately  one  thouaaud-millionth  of  that  o( 
steel ;    so   that   masses    of    ordiuar^^   matter  can  pas 
through  it   readily.      In  its  structure  the  ffither  is  tA- 
sumed  to  be  continuous  and  unlike  that  of  ordinary  mut 
ter,  which  is  granular.     As  a  whole,  perljaps  it  may  br 
regarded  ah  "  a  perfectly  continuous,  subtle,  incompreitf- 
ible  substance  pervading  all  space  and  penetrating  be- 
tween the  molecules  of  all  ordinaiy  matter,  wLiok  are 
embedded  in  it  and  connected  with  one  another  by  icn 
means''  (Lodge).      Through  this  aether   are  coustantlt 
passing  in  all  tlirections  the  vibrations  which  we  may 
assume  to  constitute  radiation ;  these  vibrations  or  wares 
being  of  all  ]>ossible  lengths  and  having  all  couceivalk 
amplitudes. 

351.  Mechanism  of  ItAdlation. — The  phenomenonof 
radiation  involves  two  correlative  processes,  called  re- 
spectively emission  and  absorption.  The  former  term 
refers  to  the  communication  of  disturbances  to  the 
aether,  the  latter  to  the  reception  of  disturbances  from  iL 
Since  the  iutermolecular  spaces  in  all  matter  are  filletl 
with  this  fipther,  it  is  clear  tluit  tlie  vibrating  molm*ale^ 
must  communicate  their  motion  to  it;  and  that  iliw 
periodic  disturbances  must  be  originated  in  it,  which  ftre 
pro]iagated  through  it  with  a  speed  depending  npon  it* 
density  and  its  rigidity.  Conversely,  these  fetherdi** 
turbances,  on  reacliing  a  bo<ly,  may  communicate  their 
energy  to  its  molecules,  and  thus  increase  the  ti»tul 
energy  which  the  body  possesses. 

It  should  be  observed,  however,  that  it  is  to  thb 
energy  of  vibration  nf  the  molecule.s,  rather  than  to  their 
energy  of  translation.  Uuii  the  energy  of  the  resultiiii? 
wther-M'aves  is  due.  An^'increase  iji  the  total  vibratory 
molecular  energy  of  a  bo*ly  increases  its  total  radiation; 
while  any  increase  in  the  rapidity  of  the  vibrations  in- 
creases of  course  the  number  of  distnrbauoes  prodwciMl 
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tD  a  ouit  of  tinae,  and  therefore  affects  the  wave-fre- 
i|U«ucy.  There  is  a  oonrnderable  aualog>*»  consequeutly, 
ill  this  respect,  between  the  phenomenou  of  radiation 
aiul  that  of  the  propagation  of  sound  in  air. 

t%S%*2,  Wave-lciijfth  unci  Wave-frtMiueutry. — Theory, 
at  proxent,  can  assign  no  limit  to  the  possible  length  of 
leiher-waves.  The  longest  wave  yet  recognized  is  30/4  or 
BOOO  X  10-*  centimeter  (Laugley) ;  the  shortest  0-185;4 
or  18*5  X  10"'  centimeter  (Cornu).  These  values  corre- 
spond t<i  vibrationfrequeucies  (210)  of  10  million  million 
and  1622  million  million,  respectively. 

Kjkdiant  energy  may  or  may  not  affect  the  eye  and 
produce  vision.  Investigation  teaches  us  that  those 
Wuves  which  are  com])etent  to  excite  the  optic  nerve  are 
comprised  within  somewhat  narrow  limits,  the  longest 
ftccordiug  to  Angstrom  being  7*6  X  10"',  and  the  short- 
t  39  X  10"*  centimeter;  corresponding  to  vibration- 
quencies  of  392  million  million  and  757  million  million, 
apectively.  That  portion  of  rndiuut  energy  whose 
ibrntiou-frequeneieM  lie  between  these  limits  is  called 
ht.  Its  phenomena  differ  in  no  respect  from  those  of 
puliation  in  genera),  and  hence  need  not  be  separately 
kill  died. 

,  ao3.  Color. — Evidently  between  the  limits  of  nbra- 
ixuu-frequency  above  mentioned^  there  must  be  an  iudefi- 
Kiitoly  large  number  of  radiations  competent  to  pro<luce 
hifliou.  Each  of  those  separate  vibration-frequencies 
epreseuts  a  particular  kind  of  light ;  and  therefore  the 
umber  of  kinds  of  light  must  also  be  indefinitely  great. 
he  eye  recogniKes  many  of  these  separate  vibration.fre- 
qaencies  as  diatinct.  Each  of  them  produces  a  sensation 
peculiar  to  itself  wJiich  is  called  the  sensation  of  color. 
Wbctn  the  eye  recognizes  the  color  of  a  flame  containing 
ualt  w^  yellow,  it  does  so  siniph'  because  ipther-vlbrations 
impinge  upon  the  retina  having  vibration-frequencies  of 
[jibont  508and  510  million  million,  respectively.  Color  is 
*>il  tibjectively,  therefore,  simply  by  thi*;  vibration- 
nency  rtiqnired  t<j  ]tro«Iuce  it.  It  is  consequently 
iDftlf^oqii  to  pitch  in  musio.     Moreover.  i(  is  found  that 
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wftves  of  the  mmimum  vibnitiou-fiequeucv  prodtUKtKe 
senHatiuu  of  red,  and  thos*^  of  the  inaxiniuui  frrr-r  ■  : 
that  of  violet.     So  that  if  waves  of  intermediate  fri, 
be  made  to  enter  the  eye,  in  the  inverse  order  of  ibetr 
vibration-frequencies,    we    shall    perceive     the    colon 
red,  orange-red,  orange,   orange-3'enow,   yellow,  gre^ 
blue  green,  cyau-blue,  blue,  violet-blue,  violet,    Sncli  a 
Hucceasion  of  colors,  shailiug  insensibly  from  one  to  the 
other,  is  called  a  ipectram.     The  following  table  $nve« 
the  wavelengths,  in  centimeters  in  air,  and  the  riJ 
frequencies,  fur   th#*   i-tilors   above   mentioned.     ;i*  .^:-, 
Thomson.! 

CONSTANTS  OF  LIGHT  WAVES. 

Cok>r.  Vlbraiino -frequency.  WiiTe-lcnjgut 

Ultra  red H70  million  million  H)OU08100 

lied 428  •*  ••  MXKWTOOO 

Orange-red 483  "  "  0000^3208 

Orange 502  "  "  -(KHX i"!t7.1 

Orange-yellow 510  "  "  -(MAHi.'i.s;!! 

Yellow 516  "  "  -OOOOoHOH 

Green 569  "  "  OOOn.V27l 

Blue-green 590  '*  *'  •OOOO.'jOSi 

Cyan-blue ri04  "  "  OOOOi^ii 

Blue 634  "  "  •QODOri: 

Violet-blue (i84  "  "  OOOiM  i 

Violet   ...  739  '*  "  ■()0<>04U5'.» 

Ultra-violet 833  "  "  *(KKK)300(> 


If  a  given  portion  of  light  be  made  up  of  waves  aD 
of  the  Hume  length,  it  is  called  simple,  hoiuogeneoufl, 
or  monochromatic  light.  If  a  portion  of  light  contaiu^t 
a  mixture  of  waves  differing  in  length,  it  is  called  ooiO' 
pound  light:  and  if  the  wave-lengths  present  are 
distributed  with  considerable  uniformity  through  the 
Bpectrnm,  the  compound  light  is  white.  Ordinary  white 
light  therefore  is  only  a  mixture  of  long  and  ahort 
■*ther-waves.  Obviously,  colored  light  which  ia  simple 
and  colored  light  which  iK  compound  may  produce  the 
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flpinrt  eolor-seusatiou  ami  therefore  ruay  uot  be  dm- 
tfaf^sbable  from  each  atlier  by  the  eye. 

Ai^ain,  since  white  light  coutaius  a  variety  of  colors 
iltese  colofH  may  convtjuiently  be  regarded  as  balatiped 
in  pair».  Thus  if  we  assume  that  the  colors  making 
white  are  red,  yellow,  green,  and  blue,  for  example^  we 
observe  that  if  yellow  be  abHtracted  from  white,  the  re- 
nmiuitig  light  is  blufr-.  If  red  be  removed,  green  li^ht  is 
left.  Uence  green  and  red,  yelh>w  and  blue,  are  cjilled 
complementary  colors  ;  since  the  two  colors  of  each  pair 
taken  together  make  white.  But  white  may  also  result 
from  the  simultaneous  action  of  monochromatic  pairs. 
Thas  red  and  greenish  bine,  orange  and  cyan-blue, 
yellow  ami  ultramanue  blue,  greenish  yellow  and  violet, 
are  iu  this  sense  comph'-meutarj'  colors.  So  green  and 
pnrjjle  are  complementary,  though  purple  is  a  com- 
pound color.  Sunlight,  the  type  of  white  light,  coutaius 
in  lOfX)  parts  according  tc»  Hood,  54  of  red,  140  of 
orango-red,  80  of  orange,  114  of  orange-yellow,  54  of 
yellow,  206  of  greenish  yellow,  121  of  yellowish  green, 
134  of  green  and  blue-green,  32  of  cyan-blue,  40  of 
bine,  20  of  nitramarine  and  blue-violet,  and  5  of  violet. 

354.  Cliiiug'e  of  Vibnition-fiequency.  —  Fluores- 
cence.— Solutions  of  certain  substances  such  as  quinine 
And  fcscnlin  are  observed  to  emit  an  npal  }scent  blue 
light  when  placed  in  radiations  of  wave-frequenoy  too 
great  to  excite  vision.  Stokes  has  shown  that  these 
sabstauces  are  capable  of  emitting  light  of  a  less  wave- 
frequency  than  corresponds  to  the  energy  which  falls 
npiju  them,  and  hence  have  the  property  of  rendering 
visible  these  invisible  radiations.  To  this  property 
Stoke»  hais  given  the  name  fluoreBcence ;  a  name  derived 
from  flnor  spar,  a  substance  possessing  it  to  a  marked 
dogroe.  The  organic  substances  duorescein,  eosiu,  luul 
onuiiu  lire  ninrkedly  fluorescent ;  as  is  also  the  hydro- 
oarbon  thallene,  whose  duoresceut  spectrum  has  been 
descrilxMl  by  Morton. 

Becquend,  in  studying  the  phenomena  of  phospho- 
rcBcence,  observed  that  in  this  case  also  the  exciting 
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radiations  arc  iuvisible.     A  phospboreHcent  sv 
is  oue  which,  after  exposure  to  light,  continneH 
in  the  durk.     By  means  of  his  phosp horoscope,  i 
rel  measured  with  great  accuracy  the  durutiuu  uf  t! 
pfaoBphorescence  after   insolatix)u ;  aud   he    found  tLui 
in   fluoreHceut  substances   the   omismon  of   li^ht  hiui  & 
finite    duration.       Fluorescence    and    phosphorescencf 
therefore  must  be  regarded  as  identical  in  essence,  dif* 
fering  from  each  other  only  in  degree. 

355.  ForniofyEthor-niotion.— Polarlzatiou, — If  we 
imagine  a  single  row  of  particles  engaged  in  propagating 
a  linear  transverse  wave  (62),  we  may  sap|H)He  that  oat 
one  of  these  particles,  while  always  vibrating  perpea- 
diculurly  to  the  direction  of  transmission,  may  describe 
any  one  of  a  variety  of  paths.  In  one  case  the  particle 
may  oscillate  along  a  straight  line  parallel  to  the  wa7^ 
front.  In  other  cases  it  may  oscilluU^  in  a  circular  or 
elliptic  orbit  whose  plane  is  also  parallel  to  the  waTfr- 
front.  If  we  suppose  that  all  the  particles  of  the  a\M*jt 
row,  when  concerned  in  propagating  tlie  wave,  vibrate 
successively  along  lines  lying  in  the  same  plane,  tlie 
wave  made  uj)  of  such  rows  of  particlf^s  vibrating  in 
parallel  planes  is  called  a  plane-polarized  wave  and  tiie 
ni<liation  is  said  to  be  plane-polarized.  If,  however,  the 
particles  all  describe  circles  or  ellipses  whose  |>lftD6S 
are  parullel  to  tlie  wave-front,  the  radiation  is  said  U>  1* 
circularly  or  elliptically  polarized.  Moreover  when  the 
direction  of  motion  of  tJie  particles  is  that  of  the  hioda 
of  a  watch,  the  polarization  is  said  to  be  left-handed;  and 
when  it  is  in  the  inverse  direction,  the  polarization  if) 
said  to  be  right-handed. 

We  have  discussed  in  Kinematics  (58)  the  resolution 
and  ct)mposition  of  simple  harm<tnic  motions.  And  from 
this  discussion  it  is  clear  thai  if  the  path  described  b)' 
the  vibrating  particles  be  circular  or  elliptical  in  fonn, 
it  may  he  resolved  into  two  plane-polarized  portionv, 
the  vibrations  in  these  two  portions  being  in  planes  per- 
pendicular to  each  other,  aud  the  phase  in  one  of  tliese 
portions  differing  from  that  in  the  other  by  one  quarter 


VIBllATiOK-'H 


f  a  perifxl.     So,  couverselj,  two  plaue  waves  of  equal 
'period  and  amplitude,  cue  a  quarter  nf  a  vibration  behind 
^he  other,  mwy  be  compounded  to  produce  a  resultant 
circularly  polarized  radiation.     If,  however,  the  differ- 
ence of  phase  be  more  or  less  than  a  quarter  period,  the 
radiatiou  pnKluced  will  be  ellipticallj  polarized.     More- 
OTer,  in  case  the  vibrations  in  the  two  planes  he  of  varia- 
ble amplitude  and  the  periods  be  neither  commensura- 
ble nor  constant,  the  radiatiou  is  ordinary  mther-energy; 
and  this,  in  the  case  of  those  vibrations  which  affect  our 
organs  of  visi<»n,  is  called  common  light.     Clearly,  there- 
fore,  light-energy  in   the  form  in  which   we  are  moat 
fanailiar  with  it  is  highly  complex  in  its  character.     It  is 
made  up,  not  only  of  an   indetiuite  number  of  waves  of 
diff'erent  lengths,  but  also  of  an  indetiuite  number  of 
luoilesof  vibration  assunjed  by  these  waves.     The  mouo- 
cLromatic  light  of  a  sodium  flame  phvne-]>olarized  con- 
stitutes one  of  the  simj)lest  forms  of  radiant  energy. 
The  white  light  emitted  b}'  an  incautleaeeut  solid   cou- 
atitutes  one  of  the  most  complex  forms. 
^■^  3/HI.  Kner^  ut'  Radiation. — The  kinetic  energy'  of  a 
qBoviug  mass  is  proportional  to  the  square  of  its  speed; 
and  in  the  case  of  radiant  energy  as  in  tliat  of  sound,  this 
ent-rgy  is  proportional  to  the  square  of  the  speed  with 
which  the  vibrating  particle  passes  its  position  of  equi- 
librium.     Furtlier,   since    this    speed   determines    the 
amplitude,  it  is  also  proportional   U^  the  square  of  the 
amplitude  of  the  wave.      Moreover,  as  in  all  motions  of 
TxbmtioD,  the  energy  is  all  kinetic  at  its  middle  point  and 
all  potential  at  the  extreme  points  of  the  excursion.     The 
mean  or  average  energy  of  a  vibrating  j»article,  therefore, 
if  a  be  the  amplitude  and  aca  the  maximum  speed,  iH 
found  tf>  be  Jrrt«V.?';  or  since  co  =  2?r/?',  the  energy  is 
wiT'ti'/jT*.  and  the  energy  per  unit  time  is  vin^a*/T*^  to 
which   the   activity  is   proportional.      Since   «'«•  =  «', 
•<*)'  =  Jwtf' ;  or  the  mean  kinetic  energy  of  a  vibrat- 
particle  Is  one  half  of  itu  maximum  kinetic  energy. 
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Section  IL — SoLRtEs  ok  R.u>iation, 

:I57.  Mutter-vlbratioii. — Wlifttever  can  excite  pcii- 
iMlic  ilisturlmucea  iu  tlie  Mother  may  evidently  W  ft 
Hourc«  of  rudiatiou,  A  c-audlo-fliuue,  a  beuted  t^tove.iUL 
nlectric  spark,  may  origiuate  such  nHher-vibratioiiy; 
which  bftiug  perceived  by  our  senHes  are  iut*?rpn?tftl 
either  as  heat  or  light.  Since  the  eiuiMsiou  of  radiant 
eue^y  by  a  body  in  simply  the  production  of  ulki- 
distorbaucoB  by  its  vibrating  uioleculeH  or  atoms  wliict 
thiH  tt-ther  surrounds,  and  since  absorptii^n  of  tlitt 
energy  is  simply  the  production  of  these  vibratiooit 
again  by  tlie  ti^tber-displacemeuts,  it  is  clear  that  b 
general  the  sources  of  radiation  are  to  be  found  is  ibit 
niolecnlHr  or  atomic  vibrations  of  ordinary  matter. 

:S5K.  KflVt-t  urXcmperature. — Let   the   iemperaUn 
of  a  platinum  wire  be  gradually  raised  by  means  of  to 
eletrtric  current.     At  first,  its  radiations  are  capable  ol 
affecting  the  uerves  of  general  sensation  only ;  i.e^  »>I 
producing  heat.     But  at  a  temperature  of  about  5*25", 
the  eye  perceives  the  wire  as  a  ilark  red  line,  the  rjyliir 
tious  becoming  now  just  visible  and  the  wave-freqaency 
having  the  rainimum  value  necessary  to  this  end.   it 
the   temperature   continues   to   risf,   the  wire 
Huccessively  orange,  yellow,  and  finally  white,    '^ 
is  said   to  be  wlute  hot.      That   is,  wave-frequencies  ol 
hif»lier  and  hi^dier  orders  are  continually  mlded,  tlieligbt 
emitted  by  the  wire  l>eing  the  sum  of  them  all ;  autil 
finally,  when  all  the  wave-frequencies  of   the  speoimui 
are  emitted  by  the  wire,  the  light  reaches  its  maxiinain 
of  complexity.     In  proportion,  then.  a«  a  body  is  heAted, 
do  tlie  wave-frequeneies  which  it  emits  iu**rease,  botli  iu 
number  and  in  am]»lituile :   shorter  and  shorter  waves 
l>eing  successively  added,  while  tliose  previously  emitted 
acquire  an  increased  amplitude. 

3At>.  Theory  of  Kxc'Iuiii((vs. — Prevost's  I^w. — Wieo 
a  heated  body  is  placed  iu  the  vicinity  of  another  bodj 
of  lower  temperature,  the   former  loses  and   the  latter 
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DS  heat  by  radlatiou  tiutil  both  have  Jicquired  the 
It*  N'mperatiue.  But  this  is  not  a  complete  Atate- 
it  of  the  coi^e.  Prevost,  ubout  the  close  of  the  lust 
tary,  suggesteil  that  all  bodies  coutiuually  radiate 
i  whatever  their  tem])erature,  provided  this  tempera- 
9  be  above  the  absolute  zero.  Accordiu;:;  to  this 
Mj,  the  hotter  body  radiates  to  the  colder  oue  and 
jjlpder  boily  also  radiates  to  the  hotter  oue  ;  but  as 
mnner,  owing  to  its  iiigher  temperature,  radiates 
the  latter  more  than  it  receives  from  it,  its  tempera- 
6  falls.     While,  as  the   latter  receives   un»ro  energy 

H't  radiates,  its  temperature  rises.  This  theory  (li 
( all  temperatures  a1x)ve  zero  all  bodies  produce 
iw-disturbancps ;  and  1^2)  that  in  cousenueni'e  all 
li*ss  are  coutiuually  exchanging  radiations,  is  known 
PrevostV  theory  of  exchanges. 

300.  Itadhitlug;  and  Absorbing  Power. — Sn])pose  a 
rmoujeter,  having  its  bulb  silvered,  to  be  placed  in  an 
ioHure  of  any  form,  whose  walls  are  covered  with 
pblftck  on  their  interior  surfaces,  and  which  is  maiu- 
led  at  a  temperature  of  100'^.  The  thermometer  will 
icate  10()°  in  any  part  of  the  enclosure  ;  and  by  the 
Dry  of  exchanges,  since  its  temperature  is  constant 
utiftt  radiate  as  much  heat  as  it  receives.  Suppose 
;her  that  of  the  entire  radiation  emitted  by  the  lamp- 
isk  and  received  upon  the  thermometer-bulb  80  per 
t  is  reflected.  This  leaves  only  20  j»er  ceul  to  he  ab- 
.^eA  iu  order  to  heat  the  bulb.  But  tlie  bulb  is  not 
Qg  in  tem[>eratare  ;  and  hence  it  must  radiate  20  per 
t  of  the  energy-  falling;  upon  it;  i.e.,  the  radiation 
the  absoqition  must  be  equal.  Aj<ain,  let  the  bulb 
covered  with  lampblack,  a  substance  of  minimum 
Bciiu>$  )>ower.  Hinoe  the  reflection  is  practically 
bing,  tlie  absorptiou  must  be  KM)  per  cent.  But  to 
I^Bkin  the  tem])eratnre  constant,  the  radiation  iu  this 
■Bsu  mast  equal  the  absorption.  We  see  theu  (1) 
Absorption  and  fimissi4»n  of  radiant  energy  go  hand 
hauil,  good  absorbers  l»eing  good  emitters  and  vice 
m  ;  and  (2)  tliat  ^ru>d  reflectora  are  bad  radiators. 
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EXPEBIMKNTS.  — I.  Take  two  plates  of  iron,  one  '         i  liod  t^ 
oiUer  nntiuued,  and  solder  (o  (be  center  uf  u»ch  •      '    ■—   ■  -'- 
piece  of  8lont  cop|>er  wire  normal  to  the  snrface.    Hi 
up  ten  or  fifteen  centimeters  afmrt,  and  attach  m   ' 
of  wax  to  the  end  of  each  ro<l.     Place  a  high! 
between  the  plates  and  observe  that  the  mart')' 
bliick  plate  dro|«  off  first,   showing  that  this  )<.  - 

nt)aort»er. 

2.  Cual  one  bulb  of  a  difTerential  thermoecope  with  lampbbdr 
by  »mokin^  it,  and  cover  the  other  with  tinfoil.  Place  betwmi  ibr 
buIUs  and  e<)uidtstant  from  them  a  tin  culie  coutaioiug  bni\\n% 
water,  one  of  whose  faces  is  also  smoked.  If  the  smoked  side  of  llir 
cnbe  faoo  the  metal-covered  bulb  of  the  thermosco|k>,  the  ItqiiJd 
coltitun  will  remain  stationary,  the  greater  radiation  frum  the  fonuff 
beinR  coinpenaaled  by  the  Ic«s  absorption  of  the  latter. 

301.    QnaiitUy    and    Quality   of    Rudiution.  —  Br 

qnantity  (\i  nuliation  is  uuderstood  the  totnl  hentiiig 
etFet't  of  the  radiuiit  energy  as  measured  by  tbe  pseuf 
temperature  of  a  surface  such  as  lampblack  wbich  ab- 
sorbs it  entirely.  Quality  of  ra<liatioxi  refers  to  spocilic 
diffrrnnces  existing  in  it,  such  as  wave-length  and  po- 
larization, even  when  its  total  heating  effect  is  the  same. 
When  two  radiations  are  the  same  in  quality,  Ihe  mil- 
ture  of  wave-lengths  in  the  one  is  the  same  as  in  tlieother, 
and  the  polarization  is  the  same  for  both.  The  won! 
intensity,  as  applied  to  radiation,  is  intended  to  applv  to 
tlie  ratio  of  qimutity  to  surface;  i.e.,  to  the  radiation  per 
unit  of  surface. 

Thus  a  beam  of  direct  light  may  have  the  same  in* 
tensity  as  one  of  reflected  light  ;  or  one  of  jnire  green 
light  tlie  same  as  one  of  pure  yellow  light ;  as  measQitNl 
by  tiieir  effects  produced  ou  absorption.  But  they  differ 
obviously  in  quality  since  in  the  iirst  case  the  rejected 
beam  is  polarized,  at  least  in  i>art,  while  the  direct  beam 
is  not;  and  in  the  second  case  the  radiatiou  Id  Ike  No 
beanis  differs  in  wavo-lengtli. 

Now  the  experiments  of  Balfour  Stewart  at-d  oUien 
have  shown  that  the  law  of  exchanges  hobifl  Jiltlce  for 
quantity   and    for   quality   of   radiation,     F  .  for 

instance,  that  the  tberniometer-bulb  referr  i.m\* 

be  covered  with  a  layer  having  selective  absorption ;  Lo^ 
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iMsorbiuK  nttliiitious  of  a  particular  wave-length  ouly. 
ince  amler  tliese  condilious  the  thermometer-teinpera- 
re  reiJiainH  couBtaut,  this  experiment  proves  that  its 
missive  power  for  this  particnlar  wave -frequency  ninst 
e  the  same  as  its  absorbing  power  for  the  same  radia- 
on. 

ExANPLBS. — Thus,  for  example,  a  piece  of  green  glass  appears 
a  because  it  abeorba  the  complementary  color  re<i,  from  the 
hiU!  light  incident  upon  it.  If,  tbereforu,  it  be  a  good  absorber  of 
tis  pHrtictilar  quality  of  light,  it  should  be  a  good  radiator  of  the 
quality,  under  suitable  conditions.  And  it  is  found  that  a 
of  green  glass  beatetl  to  a  high  tempenituro  and  viewed  in  the 
rk  emits  a  light  which  is  distinctly  rtnidish.  For  the  same  reason 
colored  glass  Iowh  all  its  color  when  placed  in  a  coal  fire.  For  the 
olor  wliicli  it  emits,  being  that  which  it  absorbs,  must  be  comple- 
leiitury  to  that  which  it  trunsmitH.  And  bence  the  sum  of  the 
mittod  and  the  transmitted  light  must  bo  white. 

Again,  a  plate  of  tourmalin  is  known  to  absorb  all  radiations 
rbottc  vibrntiunplaue  is  perpendicular  to  the  crysUil-axis.  Stokes 
as  shown  that  if  such  a  plate  be  placed  in  an  iron  bomb  and  heated 
oahigh  temptTaturc.  thtr  light  which  it  emits,  when  viewed  through 
n  a|kirture  made  for  the  purpose,  is  polarized  in  this  principal 
Innc  ;  thrqmility  of  the  radiation  nowemittud  being  llie  s:ime  as 
bat  of  the  radiariiin  p^'Viou^iy  absorbe<J.  It  follow?  that  if  through 
opf-ning  on  thr  npposile  side  ordinary  light  be  sent  through  the 
to.  the  emprgunt  light  will  be  composed  of  a  transmitte<l  and  of 
I  emitted  portion,  both  polarized,  their  polariaation-planos  being 
right  angles;  ei>nse<iuenily  this  emergent  light  will  be  itself  un- 
ilarized. 

ThR  truth  of  the  law  of  exchanges  as  to  quantity  of  nuliation  is 
ndily  shown  by  heating  ft  piece  of  platinum  foil  hnvingan  ink-mark 
tpon  it,  an  •suirgi^sfrd  by  Tait.  The  black  ink-mark  is  a  bi;ttcr  ab- 
orljer  Ihnn  Ihf  platinum  at  ordinary  temperatures.  But  if  the  foil 
e  healed  till  it  emits  light,  the  better  absorber  at  the  low  temperature 
rill  become  (he  t>elter  nuliator  at  the  hiuh  tenipeniture  and  the  murk 
rill  appear  brighter  than  the  surrounding  platinum.  Souehalk-mark 
n  A  puker  beeomcH  darker  than  the  poker  when  highly  heated.  A 
laeJc  pattern  on  a  wliite  earthenware  tile  is  reversed  when  the  tile 
I  highly  heflt»v|,  liecominga  bright  pattern  on  a  darker  ground,  the 
oaatity  of  emission  being  proportionate  to  the  quantity  uf  absoqi- 

:<0::.   iDteiiMity  orHudiutioii, —  The  ioteuHity  of  ra- 
liatiou  IB  the  aoioiiDt  emitted  or  received  per  nnit  of 
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anrfuoe.     It  is   tlierefore  a  function  (1)  of  the  disUsn 
which  separates  the  surface  from  the  source  of  r 
and  (2)  of  the  iucliuatiou  of  the  surface  to  the 
beam.     The  following  laws  express  these  relations : 

1st.  The  intensity  of  the  radiation  which  fftlU 
npou  any  surface  varies  inversely  as  the  sqaarr 
of  the  distance  between  this  surface  und  tb« 
source  of  the   radiation. 

2d.  The  intensity  of  the  radiation  receiTed 
upon  or  emitted  by  any  surface  is  proportiouil 
to  the  cosine  of  the  angle  which  a  normal  tn 
the  receiving  or  emitting  surface  makes  with 
the  direction  of  the  radiation. 

A  To  illustrate  the 

^  first  law,  let  a  candJe 

be  placed  at  A  (Fig, 
123)  and  let  a  aereen 
with  an  o]>euiDg  m 
decimeter  square  be 
placed  ut  /?,  ime 
Pio.  1S8.  meter   from   it     II 

now  a  sheet  of  cardboard  be  placed  at  C,  two  metM 
from  tlie  ciuidle,  the  section  of  the  beam  at  this  point 
will  be  two  decimeters  on  a  side,  and  its  Mri*u  will  U 
four  square  decimeters.     So,  at  fJ,  the  section  of  Ulft 
beam  will  be  nine  square  deeimet^rR,  evi4lently,      Tlrt 
areas  of  the  illuuiinated  .surfaces  at  distuuces  1,  9,  aad 
8  meters  from  the  candle  are  then  1,  4,  and  1^  sqnoTt 
decimeters  ;    and    since   the   amount  of    Ij^ht    KpreftJ 
over  these  surfaces  is  the  same,  being  the  lif^ht  from  th«) 
candle,  it  follows  that  the  intensity  of  this  light,  or  the 
amount  of   light   falling  upon  uuit  of  surface  in  eKcll' 
case,  will  hi*,  in  the  ratio  1 :  ^  :  -J .     Hence  this  experiment, 
proves  the  fact  that  the  intensity  varies  as  the  inveTMi 
square  of  the  distance. 

The  same  fact  may  be  proved  for  invisible  radiationii. 
by  the  thermopile   (364),   in   the  foUowinj^  way :   Let  a] 
shallow  tin  box  BC  (Fir.   124),  whose  face  is  covei 
with  lampblack,  be  filled  with  boiling  water,  and  Jet 
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Lerxnopile  A^  provided  at  one  end  with  a  cone,  he  ox- 
td  ti>  its  ladiatiouB  at  one  decimeter  distance.  Snp- 
lose  the  ^nlvanometer-deflection  to  he  noted.  Let  the 
thermopile  he  moved  to  ^\  a  distance  of  two  decinietisrs, 
»ad  suppose  the  deflection  to  be  again  noted.     It  will  be 
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found  to  be  the  same  as  before.  Obviously  in  the  second 
kse  the  radiating  surface  is  the  base  of  a  cone  of  twice 
le  lieiglit  and  hence  of  four  times  the  area.  Since, 
therefore,  thi.s  fourfold  radihtiou  produces  the  same  effect 
X  twice  the  distance,  it  is  evident  that  tht*  intensity  of 
thiM  mdiation  must  vary  inversely  as  the  square  of  tlie 
iintance. 

The  second  law  Ih  illustrated  by  the  familiar  fact  that 
Ati  incandescent  surface,  such  as  a  red-hot  iron  plate, 
.Trt)  viewed  through  an  aperture  too  small  to  allow  the 
IfwholG  of  it  to  be  seen,  it  will  appear  equally  bright  what- 
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^«ver  the  angle  of  inclination  to  the  line  of  sight.  To 
prove  tl)6  law  true  for  radiation  in  general,  place  the 
iberraogttlvanometer  ^r?  fFig.  125)  in  front  of  tho  scr^eu 
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ST,  behind  the  openiug  iu  which  is  s  heated  suriAo. 
Note  the  deflection  of  the  galvauometer-needl^  wheutliin 
surffLce  iti  in  the  perpeudicubir  |)ositioii  ah.  Then  innveit 
into  the  incliued  position  riraud  iigiiin  note  the  deflecUoo. 
It  will  be  (oaad  to  be  the  same  as  before.  8iucf  the 
surface  of  emission  is  increased  as  the  plate  is  incUueti, 
it  is  necessary  in  order  that  the  total  emission  itself  msT 
not  be  increased  that  the  radiation  should  diminish  id 
proportion  as  the  surface  increases.  Now  the  sarfiut 
nc,  as  seen  through  the  screen,  is  to  ab,  as  unity  is  to  ii» 
cosine  of  tlie  angle  <»f  inclination.  Kince  the  stit 
ries inversely  as  the  cosine  of  the  inclination,  the  i-i  ....__ 
must  vary  directly  as  this  cosine.  In  other  words,  tite 
emission  from  &uy  surface  or  the  radiation  receive 
it,  other  things  being  equal,  is  j)ropnrtional  to  the 
of  the  angle  between  the  initial  and  the  final  positionii  of 
the  surface. 

ExpERUiKNT.— Pi'oviije  a  metAl  cube  B  (Fig.  126»  one  of  sstm 
faces  is  covered  with  Inmpbliick.  Fill  it  with  boiling  wfiLnr  aott 
place  it  as  showo,  so  as  to  radiate  normally  upon  ttie  face  o/  ili*' 
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^ 
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thermopile  A^  the  size  of  the  beAtn  beinjc  reflated  by  the  scmtt 
ST  and  S'T'.  Notf  lli(»  gMvanoniotor  doflcction  nnd  thrn  niiiilt 
the  cube  alxiut  the  center  of  the  tampblacked  face  ititu  tlie  posiciob 
shown  by  the  tlntted  linos,  tbe  normal  to  the  surface  moving  ow 
HI)  nngU'  tt.  Xo  pliange  will  lio  observed  in  iUv  galvanoOMUf 
deflection.  Uut  hn^•  mipim  the  radiating  auifaue  Ims  been  inorencicil 
in  the  ratio  of  the  C4^»Hino  of  tho  angle  of  rotntion  to  unity  ;iitul 
hence  the  intensity  of  the  emiltoti  rmliAtion  mu^t  have  Irvii 
decreased  iu  the  snme  rAtio»  in  order  that  their  product  should  br 
constunl,  na  Ihe  ex^H'Timewt  t!,\v>v.*H.  \l  U)  be. 
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PIBce  the  intensity  of  radiation  Ih  simply  the  quantity 
iited  or  received  per  unit  of  surface,  its  value  is 
tained  l»y  dividing  the  whole  quantity  of  the  radiatiou 
the  whole  surface.  Or  calling  Q  the  quantity  radi- 
df  S  the  area  of  the  emitting  surface,  and  /  the 
BDsity,  we  have  /  =  Q/S,  Evident!}-  if  the  surface 
ireases  so  as  to  become  S/cob  or,  the  intensity  will 
Bome  T  —  Q  cos  afS ;  whence  /  :  7'  ::  1  ;  cos  a.  Or 
\  intensity  is  proportional  to  the  cosine  of  the  angle 
incliuatioD.  Obviously  when  «  =  0,  eosiuo  a  will  be 
ity ;  and  the  emission,  being  now  normal  to  the  sur- 
Se,  reaches  its  maximum.  Evidentl,y  this  law  of  the 
pine  can   ]»e  strictly  true  only  for  substanceH  wliich 

Ie  lampblack  possess  practically  no  retlectiug  power. 
36t{«  Mensiirciaeiit  of  Rndfutioii. — The  total  energy 
radiation  is  measured  by  totally  absorbing  it  and 
fcU^rmiuing  the  total  heating  effect  j»roduced  by  it.  Of 
P  the  substAUces  used  for  this  purpom*,  lampblack  has 
pwi  found  to  be  the  most  efficient. 

I  304.   Tln'raiogalvanfHiieter. — Boloiiiotor.  —  In     tlie 

jtlier  experiuieuts  \yw  radiatiou,  the  receiving  instrument 

Ib  simply  a  thermometer  the  bulb  of  which  was  coated 

ih  lanipblack.     Leslie  (1804)  used  in  his  researches  a 

ereutial  tlierinonit>tfrtr  having  one  of   its  bulbs  thus 

But  Nobili  and  Melloui  (1833)  showed  that  by 

ing  a  thermopile  with  a  galvanometer,  an  instru- 

Can   be  constructed  fur  more  delicate   than   any 

rmometer  for  measuring  temperatures.     The  tliermo- 

(632)  consists  tif  a  bundle  of  metallic  bars,  generally 

iumuth  and  antitu(»ny,  connected  tof^ether  alternately 

eir  ends,  each  pair  being  insulated  from  its  fellows 

A  slip  of  mica.     When  one  end  of  this  bundle  has  a 

her    temperature     than    the    other   a   difference    of 

tontial  is  developed  between  the  first  and  last  Itars 

ich  is  proportional  to  the  number  of  bars  and  t(»  the 

jperature-difference  ;  so  that  on  joining  these  ends  by 

inductor  an  electric  current  is  produced  the  strength 

grliich   may   be   determined   by   means  of  a  delicate 

ranonioter.     If    the    faces    ol    the     thermopile    be 
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covered  with  lampbiackf  Hf)  uh  to  absorb  the 
radiated  U^  it,  the  heat  of  the  hand  several  feet  awi^ 
uiiiy  he  made  to  muve  the  galvanometer-ueedle  tkrougL 
tweuty  or  thirty  degrees.  It  was  with  this  ap])an»ia» 
that  Melloui  luade  his  classic  researches  upon  the  lave- 
of  radiation. 

Boys  (1887)  increased  greatly  the  sensitiveness  of 
this  apparatus  by  uuitiug  iu  one  iustruuieut  the  tLermiw 
pile  and  the  galvanometer.  His  radio-micrometer  con- 
sists of  a  square  circuit  one  centimeter  ou  a  aide,  ihtft 
<if  whose  sides  are  made  of  iiue  copper  wire  aud  Ibe 
fourth  of  a  compound  bar  of  bismuth  and  antlioonj, 
soldered  end  to  end,  each  piece  being  five  uiillimeten 
sqnare  aud  one  sixth  of  a  millimeter  thick.  This  circaii 
is  supported  by  a  thin  rod  carrying  a  mirror,  the  whoU 
being  hung  by  a  torsion  fiber  in  the  field  of  a  stroag^ 
magnet.  When  radiation  falls  on  the  bismuth-autimouj 
junction  a  current  is  generated  and  the  circuit  ik  dtr- 
tlected.  With  a  field  of  strength  100  in  O.  G.  S.  units, 
the  instrument  showed  the  radiation  from  a  caudlt^  it 
H50  meters  distance.  With  an  improved  constrncticu 
he  estimated  that  the  instrument  would  indicate  tlie 
oue-hundred-milliouth  of  a  degree. 

In  1881  Langley  contrived  another  instrument  of 
very  great  delicacy  for  measuring  radiations,  which  hn 
called  a  bolometer.  Two  strips  of  platinum  or  of  iron  i 
10  mm.  long,  from  0*01  to  0*001  mm.  thick,  and  from(H 
to  1  mm.  wide  are  ma<le  two  of  the  sides  of  a  WlieaUtone 
electric  balance.  So  long  as  both  are  equally  heate*l, 
the  balance  is  in  equilibrium  ;  but  when  one  of  the 
strips  is  exposed  to  a  source  of  radiation  from  which 
the  other  is  protected  the  resistance  of  this  strip  iu» , 
creases^  the  balance  is  disturbed*  and  the  galvanometer- 
needle  is  at  once  doflocted.  In  this  way  0<KK)noi  of  a 
degree  may  be  indicated  and  000001  of  a  degree  may 
be  measured  with  accuracy.  These  delicate  strips  are 
coated  with  lampblack  and  are  enclosed  in  an  ebonite 
cylinder.  By  using  four  such  strips  placed  in  the  four 
arms  of  the  Wheatstone  balance,  arid  by  allowing 


fEBti r  OF  jSTUBR-  VJBRATIOIf. "RADIANT  KNERO  T.  381 

di&tion  to  fall  only  on  the  alternate  ones  sininltane- 
lislj,  vou  HelmLoltz  has  cousulerably  increased  the 
^licacy  of  tiiis  iugeuious  iuutruiueut 

305.  McaKiiri^moiit  of  Kiiniinou.s  Radlatlon.H. — Pho* 
»metry. — Total  ratliant  energy  is  measured  either  in 
klurieH  (gram-degroeb)  or  iu  ergs.  Light,  however,  is 
leasured  only  in  terms  of  some  secondary  unit  arbi- 
arilr  selected  ;  such  as  a  caudle  or  a  Carcel  lamp.  The 
audard  caudle  in  use  in  Englaud  and  in  this  country  is 
sule  of  Hpermaceti,  Is  cyliudrioal  in  form,  }  iuch  in 
Bmeter,  aud  is  of  such  a  length  that  six  weigh  a  pound. 

bums  120  grains  (7*776  grams)  per  hour.  The  Carcel 
irner,  which  is  used  iu  France,  burns  42  grams  of 
ilsa  oil  per  hoar.  The  light  of  one  carcel  is  equal  to 
Bt  of  about  9-5  standard  cauiUes.  The  unit  adopted 
^  the  lutematioual  Cougress  of  Electricians  at  its 
Beting  iu  Paris  iu  1884  is  the  light  emitted  by  a  square 
(Dtimeter  of  melted  platiuum  at  the  temperature  of 
lidification.  According  to  Yiolle,  this  unit  is  equal  to 
)8  carcels  or  19*75  standard  candles.  In  1889  this 
ingress  adopted  one  twentieth  of  this  unit  as  a  prac- 
tal  aecondary  standard. 

r  comparing  a  given  light  with  the  standard  unit, 
s  forms  of  photometer  have  been  suggested,  all 
spending  on  the  fact  that  the  eye,  while  not  able  to 
>inpare  together  accurately  two  illumiuations  of  dif- 
ireut  intensities,  can  pronounce  with  considerable  ex- 
Stneas  upon  equality  of  illumination.  For  such  a 
Mnparisou  two  ])ortions  of  a  screen  are  illuminated,  the 
Qe  by  the  standard  source  of  light,  the  other  by  the 
mrce  which  is  to  l>e  compared  with  it ;  aud  the 
tighter  light  is  moved  away  until  the  two  illuminations 
II  the  screen  are  equal.  Since  the  intensity  of  illumina- 
Dn  diminishes  according  to  the  square  of  the  distance 
Dtweeu  the  light  aud  the  screen,  the  amount  of  light 
nitted  by  the  two  sources  will  be  proportional  to  the 
laarett  of  these  distances.     Thus  if  one  of  the  lights  be 

centimeters  from   the   screen  and   the  other  b  centi- 
when  the  iJJuminations  are  equal,  the  t\uaut\U 
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of  light  emitted  iu  the  lirst  case  is  to  that  emitted  m 
the  second  as  a'  :  ft".  If  the  fonner  be  a  staudard  unit, 
the  quantity  of  light  given  by  the  latter  is  h*/a^  staudanl 
units,  either  carcels  or  candleH. 

One  of  the  simplest  photometers  is  that  proposed  by 
Count  Kumford.  It  consists  simply  of  a  rod  of  wood  or 
metal,  and  a  white  screen.    The  rod  R  (Fig.  127)  is  so 
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placed  that  its  shadow  b  cast  by  the  lamp  B  is  near  its 
shadow  a  cast  by  the  standard  A.  By  moving  tbe 
brighter  light  away  until  the  shadows  are  equal  in 
iutensity,  and  squaring  the  distances  of  the  two  lights 
from  the  screen,  the  value  of  the  light  emitted  by  the 
lamp  is  obtained  as  above.  It  will  be  noticed  (Fig.  128i 
that  the  shadow  h  is  illuminated  only  by  light  f torn  ^ 
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and  the  shadow  a  only  by  light  from  B,     By  this  device 
we  are  able  to  compare  together  two  portions  of  the 
screen  each  of  which  is   illuminate<l  by  only  a  single 
source. 
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Tlie  photometer  UBed  in  France  was  originallj  de- 

ised  by  Bouguer,  but  has  been  subsequently  modified 

y  Foucault.     A  semi-transparent  screen,  of  porcelain 

r  groarid  glass,  has  an  opaque  partitiou  placed  at  right 

ogles  to  it,  the  lights  to  be  compared  being  placed  so 

to  illumiuate  each  its  o\vu  half  of  the  screen.     The 

partition  may  be  moved  to  and  from  the  screen  so  that 

llie  illuminated  portions  may  be  brought  into  contact 

Bud  tiieir  intensities  more  accurately  compared.     When 

Ihe  brighter  light  has  been  removed  tintil  the  illumi- 

latioDS  are  equal,  the   distances   are   mejisured.     The 

ibserrer  is  stationed  on  the  other  side  of  the  screen 

rom  the  lights  and  views  the  screen  normally  from  a 

K>ii)t  opposite  the  line  between  the  two  ilhiiniiuitions. 

The  Bunsen  form  of  phot<:»meter  is  the  form  more 
benerally  used  in  practice.  Its  important  element  is  a 
tisk  of  paper,  one  portion  of  which  is  made  more  trans* 
Bcent  than  another,  originally  by  applying  parafHn  to 
t,  but  now  more  frequently  by  making  it  thinner.  In 
his  form  the  disk  usually  consists  of  three  layers ;  the 
(middle  one,  wliich  is  continuous,  being  of  thin,  and  the 
m<i  outer  ones,  which  have  a  central  star*shaped  open- 
bg,  being  of  thick  paper.  If  such  a  disk  be  viewed  by 
spflected  light,  the  central  spot  will  appear  darker  than 
e  rest,  since  a  portion  of  the  incident  light  is  trans- 
itted  by  it,  iuid  so  less  light  is  refiot^tod.  If  it  be 
iewed  by  transmitted  light  the  central  spot  will  appear 
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ighter  tliau  the  surroundinj^  portions,  since  more 
[ht  comes  through  it.  If,  therefore,  a  source  of  light 
l)e  placed  on  one  side  of  the  disk  8  (Fig.  129*1  and  a 
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standard  c*ndle  A  on  tlie  other,  t-heir  dist.i 
adjusted  until  the  central  spot  either  disapptJii^  •>! 
appears  alike  ou  the  two  sides,  the  two  lights  ire 
directly  proportional  in  illuminating  |)ower  to  t^ 
squaroH  of  these  distancea  To  facilitate  simultaoeooi 
comparison  of  the  two  sides  of  the  disk,  two  plufl 
mirrors  are  placed  behind  it,  so  inclined  that  tLe; 
reileot  to  the  eye  situated  in  front  of  its  edge,  the^e  two 
sides  at  the  same  time. 

306.  Spectro-ijliotoiiietcr. — A  considerable  di&cully 
arises  when  the  lights  to  be  compared  are  diff* 
quality  as  well  as  quantity.  If  they  differ  in  1 1 
when  an  electric  arc  light  is  to  be  compared  with  a 
standard  candle,  the  most  satisfactory  results  are  ob- 
tained by  limiting  the  comparison  to  two  or  more 
definite  colors  or  wave-frequencies  for  each  sonrm. 
This  may  be  done  by  interposing  colored  glasses  bet»era 
the  source  of  light  and  the  screen  or  disk.  If  a  piew  of 
red  glass  be  thus  interposed  in  each  case,  the  result  will 
be  the  relative  illumination  for  this  component  of  the 
original  light.  And  if  the  experiment  be  repeated  with 
green  or  blue  glass,  the  relative  illumination  for  the«e 
wave-frequencies  may  bo  ascertained. 

A  more  accurate  method,  however,  is  to  arrange  ilie 
two  beams  of  light  to  be  compared  so  that  they  &hall 
pass   simultaneously   through   a   prism ;    one   of   tbem 
through   its   upper   and   the    other    through   its  lower 
portion.     Two  closely  superposed  spectra  will  be  thus 
obtained,  one  given  by  each  source  of  light.     And  by 
limiting  the  field  to  any  given  color,  by  an  adjustable 
slit,  and  then   moving  the  brighter  source   away  until 
the  intensity  is  the  same  in  the  two  portions,  the  data 
are  obtained  for  a  comparison  of  the  lights  for  this  par- 
ticular color.     Such  an  instrument  is  called  a  ipectro* 
photometer. 

•lOT.  Selective  Radiation  and  Absorption. — Kadi. 
ation,  however,  depends  not  only  upon  temperature,  but 
also  upon  the  nature  of  the  radiating  bo<ly  itself  and 
especially  upon  the  condition  of  its  surface.     Leslie,  in 
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his  ejirly  f^x]>erinieut8  ou  nuliutiou,  made  h  hollow  cnibe 
of  till  plate,  leaviug  cue  of  its  sides  in  its  natural  condi- 
tion, rougheuiug  the  second,  and  covering  the  third  and 
fourth  with  lampblack  and  with  white  lead  respectively. 
When  tilled  with  boiling  water,  he  observed  that  the 
mdiation  from  the  roughened  surface  exceeded  that 
from  the  polished  metal,  but  was  in  its  turn  very  far 
exc^>eded  by  that  from  the  two  other  surfaces,  which^ 
though  so  different  in  color,  had  approximately  the 
same  radiating  power. 

S«?lective  emission  with  rise  of  temperature  is  prac- 
tically important,  since  for  illuminating  purposes  it  ift 
desirable  that  the  largest  pnsHible  fraction  of  the  energj' 
expended  shall  bo  emitted  in  the  form  of  visible  radia- 
tions. Langley  has  shown  that  while  onl^'  2*4  per  cent 
of  Inminons  waves  are  contained  in  the  radiation  from  a 
|(A&-flame,  only  10  per  cent  in  that  of  the  electric  arc,  and 
only  35  per  cent  in  that  of  the  sun,  the  radiation  of  the 
fire-fly  (Pyrophorus  ntxstUtwtw)  consists  wholly  of  visible 
WHve-frequencies.  The  distribution  of  the  energy  in  the 
Bpeotra  of  the  three  sources  of  radiation  first  named, 
according  to  Langley,  is  shown  in  Fig.  130.    The  total 
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energy  is  the  same  for  each  of  these  curves,  the  portion 
vhich  is  luminous  being  represented  by  the  area  to  the 
left  of  the  vertical  dotted  line.  The  ordinates  represent 
heat-energy  and  the  abscissas  wave-lengths  in  microns. 
Mor^K)ver»  the  researches  of  Nichols  have  proved  that 
uia^^estnm  oxide  and  zinc  oxide  have  a  greater  efficiency 
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as  nvdiators  thau  carbou  ;  calling  efficieucj  the  ratio  of 
the  light-giviug  rHdiaiion  to  the  total  railiadou.  lu  tht 
fignr«  (Fig.  131j  his  radiation-curves  are  given  for  i*eveml 

sources  of  illamixiatiou,  all  for 
lights  of  the  sarne  candh^  ; 
gu8  beiug  taken  as  the  st  ... 
of  comparison.  The  ordinstes 
represent  multiples  of  the  gaa- 
value  and  the  abscissas  waviy 
lengths  in  terms  of  the  spectronL 
It  will  be  noticed  that  while  in  the 
red  (6*)  the  flame  of  inaguesium 
is  but  little  more  than  half  as 
strong  as  the  gas-flamet  in  tlie 
blue  {F  to  G)  it  is  about  ten 
times  brighter ;  and  further,  \hh\ 
everywhere  beyond  the  yellow 
except  in  the  extreme  violet,  it 
surpasses  even  the  electric  arc. 
The  radiant  efficiency  of  maguo- 
sium  has  been  recently  deter- 
mined by  Rogers  to  be  as  high  as  13*5  per  cent. 

The  absorptive  power  of  lampblack  is  general  ftu^l 
not  special.  The  fact  that  it  is  black  proves  that  it 
absorbs  all  luminous  radiations  alike.  Tbis  also  it 
appears  to  do  for  invisible  radiations,  although  Langley 
has  shown  that  it  transmits  certain  radiations  of  great 
length.  Hence  by  the  law  of  exchanges  lampblack 
should  radiate  waves  of  all  lengths^  when  incandescent; 
and  this  it  is  found  to  do. 

But  there  are  other  substances  which  exert'iae  not  a 
general  but  a  special  or  selective  absorption  upon  the 
radiations  which  fall  upon  them,  reflecting  or  trans- 
niittiug  the  rest.  This  is  the  cAUse  of  the  color  of 
pigments.  Hed  lea<l,  Prussian  blue,  chrome-yellow, 
Paris  green  exert  selective  absorption  npoD  light,  and 
reflect  to  the  eye  the  color  complementary  to  tliat  ab- 
sorbed. Red,  green,  3ellow,  and  blue  glass  also  absorb 
selectively;  but  here  the  oomplemeutiiry  color  is  traus- 
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litt^'il,    not   retieoted.     In   nil   cases,    the   sum   of   the 
]    retieeted,   the   absorbed,  aud   the   transmitted  portions 
Bnnat  equal  the  initial  incident  radiation.     Melloui  ob- 
^■erved  that  bodies  act  in  the  same  way  with  reference 
^po  invisible  radiations.     Thus  using  four  sources  of  heat, 
a  Locatelli  lamp»  a  platinum  spiral,  a  copper  plate  at  400°, 
&iid  a  cube  at  100°,  rook  salt  was  found  to  transmit  the 
same  proportion  of  the  incident  radiation,  whatever  the 
temperature  of  the  source  ;  thus  acting  toward  invisible 
radiations  as  it  acts  toward  visible  ones,  and  exercising 
no  selective  absorption  upon  either.     Plate  glass,  how- 
ever,  though  equally  trausparent,  transmitted  only  30 
pt»r  cent  of  the  radiation  from  the  lamp,  24  per  cent  of 
that  from  the  heated  spiral,  6  per  cent  from  the  copper 
plate  at  400"",  and  none  of  that  from  the  copper  cube  at 
100'\     Alum  transmitted  only  9  per  ceut  of  the  radiation 
from  the  lamp,  2  per  ceut  of  that  from  the  wiie,  and  none 

Pfrom  either  of  the  other  sources.  Heuce  alum  absorbs 
uelectively  the  longer  invisible  radiations  as  green  glass 
does  the  visible  oues.  Although  black  glass  transmits 
only  2fi  per  cent  of  the  lamp-nwliation,  it  transmits  55 
pt>r  cent  of  that  of  the  platinum  wire. 

XMM^,  Losriof  Hnerg-y  by  ItAillatloiK— Law  of  Cooling. 

— For  a  given  body,  the  total  emission  is  evidently  a 

|L  function  of  its  temperature  only.     Suppose  a  thermom- 

H  eter  whose  bulb  is  covered  with  lampblack,  to  be  enclosed 

"   in  rt  spherical  chamber  exhausted  of  air,  having  its  walls 

blackened  interiorly.     If  the  absolute  temperature  of  the 

thermometer  be  T^  aud  that  of  the  walls  of  the  chamber 

I  be  T^p,  then  since  the  cooling  eflfect  will  he  the  difference 
between  the.radiation  emitted  and  that  received — both 
of  which  are  functions  of  the  respective  temperatures — 
we  have  for  this  effect  y^  2^,) —y^^To).  Newton  supposed 
that  a  cooling  btxly  loses  an  amount  of  heat  which  is 
proportional  simply  to  the  difference  of  temperature 
between  it  and  the  surrounding  medium.  Dulong  and 
Petit,  however,  have  shown  that  an  expression  of  the 
loxmf{t)  =  Aa'  '\'  B  represents  satisfactorily  the  results 
of  their  experiments,  in  which  A  aud  B  are  constants. 
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the  foriPvr  depending  on  the  uatare  of  the  surface  oalr, 
and  io  wht<}!  a,  which  is  practically  the  ^  i 
bodies,  liix  the  value   1'0077.     Heuce   for   t 
effeot  of  t)ie  thermometer  above 

J{T,)  -A^c)  =  ^«''  -  ^o*"-  or  Ja'V^a'V-'.  - 1).  [57] 


Substituting    the    value    of    a,    we    have    -.lll-OOTT^ 
(10077^*-'*c- 1).     It  therefore  appears  (1)   that  for  i 
given  toraperature-diflereuce,  tlie  cooling  effect  is  pro- 
portional to  {l-0077)'"c;  and  (2)  that  for  a  given  temijer*- 
ture  of  the  enclosure-walls,  the  cooling  effect  i8  pro- 
portional to  (1'0077)'  — 1,  where  W  is  the  tenlpp^at^T^ 
difference.     Hence  the  speed  of  cooling  of  a  thenuoDjeler 
in  vacuo  for  a  couHtaut  excess  of  temperature  incrwwM 
iu  a  geometrical  progressiou  when  the  tempt?riitnre  of 
the  surrounding   medium   increases  in  an   arithmetiol 
progression,  the  ratio  of  this  progression  being  the  sam** 
whatever  be  the  excess  of  temperature.     Obviously  tliew> 
results  can  be  approximate  only  since  they  ignore  the 
composite  nature  of  the  radiations  themselves.    As  U) 
tiie  absolute  value  of  the  constant  A  the  uxperimeDtB  d 
Hopkins  give  as  the  value  for  glass  about  0"126  gram- 
degrees  per  second  per  square  decimeter  of  surface; 
whence  it  follows  tliat  the  radiation  from  glaHs  at  100', 
the  enclosure  being  at  0^,  would  be  about  10'8  gram- 
degrees  per  second  per  square  decimeter. 

:i61>.  I-iiw  of  Stokes. — According  to  the  law  of  Piv- 
vost,  the  radiating  power  and  the  emitting  power  of  aot 
substance  are  precisely  equivalent,  both  as  to  the 
quantity  and  the  quality  of  the  radiation.  In  1817. 
Frauuhofer  noticed  that  iu  the  spectrum  of  a  caudle- 
Dame  a  double  yellow  line  occupied  the  position  of  A ' 
double  dark  line,  which  lie  called  />.  iu  the  solar  spcc- 
tnim.  In  1849  Foucault  passed  sunlight  through  the 
electric  arc  and  observed  the  double  line  />  to  be  darker 
than  before.  He  then  rctlected  the  light  from  the  car- 
bon points  back  through  the  arc,  and  noticed  that  then 
the  spectrum  contained  dark  linea  in  the  precise  posi- 
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OH  of  the  bright  lines  given  by  the  arc  itself.  TheHe 
lienomeun  were  explained  by  Stokes  upon  considoriv- 
OQs  dowiug  from  the  law  of  Prevoat,  and  illuBtrated,  in 
e  iNtse  of  sound,  by  sympathetic  resonance.  It  is  well 
fcown  that  if  a  luusical  note  be  emitted  near  an  open 
inuo-forte,  those  strings  only  will  vil.)rate  whose  ]>eriods 
*'e  the  same  as  the  components  of  the  note.  Suppose  a 
**<^Hes  of  strings  or  of  tuning-forks,  all  tuned  to  the 
tae  note.  If  this  note  be  sounded  on  one  side  of  them 
l*ey  all  will  be  thrown  into  vibration;  and  hence  a 
istener  on  the  other  side  will  receive  less  sound  in  con- 
quence  of  this  absorption.  If  a  number  of  notes  each 
f  different  pitch  were  sounded  simultaneously  on  one 
'•'ide  of  tliese  strings,  an  observer  on  the  other  would 
lit^ar  all  the  sounds  with  their  uoniml  intensities,  save 
tliftt  one  only  which  is  in  unison  witli  the  strings.  The 
•firings  therefore,  in  consequence  of  their  taking  up  the 
ir-ribratious  of  the  same  period,  would  appear  to  be 
pake  to  such  sounds. 

When  sodium,  for  example,  is  heated  until  its  vapor 
>econ»es  luminous,  it  emits  yellow  light  of  wave-frequeu- 
iiiea  509  and  iilO  million  million  respectively.  Since  the 
ibrfttions  which  it  emits  are  precisely  those  which  it  ab- 
rbsjt  follows  that  one  sodium  flame  must  l.>e  opake  to 
light  from  another  similar  Hariie.  And  this  is  found  to 
be  tlio  fact  If  a  small  non-luminous  gas-flame  colored 
yellow  by  sodium  be  placed  in  front  of  a  larger  flat  flame 
Kimilarly  cohtred,  the  edges  of  the  smaller  flame  will 
jippear  smoky,  upon  the  background  of  the  larger  one  ; 
muce  they  are  cooler  than  it,  and  hence  absorb  more  of 
that  particular  light  than  thej'  transmit.  This  -point  is 
ATidently  essential ;  for  if  the  temperature  of  both  flames 
i»  the  same,  both  will  radiate  equally;  and  the  smaller 
one  will  emit  precisely  tlit^  same  amount  of  light  that  it 
Absorbs  from  the  othor  and  larger  one.  If  the  smaller 
one  has  the  higher  temperature*  it  will  evidently  radiate 
more  than  it  absorbs ;  if  the  lower  temperature,  it  will 
radiate  less  than  it  absorbs  and  will  appear  dark. 

Bat  it  is  when  the  spectrum  is  examined  that  the 
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most  satisfactory  proof  ir  given  of  the  equality  of  nS^ 
ating  and  absorbing  power.     The  spectrum  of  luini: 
sodium  vaj>or  at  a  moderately  high  temperature  co 
only   of  the   two  yellow  lines  of  the  wave-frequendM 
alK)ve  given  ;  the  same  that  were  uoticed  by  Fr.i     '   ' 
in   the  spectrum   of  a  candle-flame.     The  sper 
white  light,  since  such  light  is  made  up  of  an  nmIlte^ 
rupted  number  of  wave-frequencies,  is  of  course  eoatj 
uouh;  i.e.,  cousists  of  au  indetiuite  number  of  liue«fl^ 
that  there  is  no  break  in  the  colors.     Suppose  now  white 
light  from  au  electric  lamp  be  passed  through  a  sixliam 
tlanic  before  forming  a  spectrum.     The    sodium  flaiw 
will  absorb  the  vibrations  of  the  frequencies  509  and 
510  million  million  from  the  electric  light,  and  tbespeo 
trum  of  the  white  light  will  appear  without  these  con- 
stituents ;  in  other  words,  there   will  be  two  ga]»H  in  it, 
corresponding    to    these    vibration-rates.      Frannb 
observed  these  gaps  in  the  solar  spectrum,  and  Fo 
succeeded  in  producing  them  at  will  in  the  spectrnm  n 
the  electric  arc. 

Stokes  in  1850  recognized  as  true  for  radiation  wfaak 
had  long  been  known  for  sound.  Hence  the  law  <i 
equivalence  for  emitted  and  absorbed  radiations  is  called 
the  law  of  Stokes.  It  was  developed  for  invisible  radii- 
tions.by  Stewart  in  1858,  and  for  nsible  ones  by  Kirch- 
hotf  in  1859.  Defining  the  emissive  power  of  a  body  for 
a  particular  wave-leugth  as  the  ratio  of  that  part  of  it» 
radiation  to  the  corresponding  part  of  the  radiation  of  n 
black  body  at  the  same  temperature;  and  defining  the 
absorbing  power  as  the  fraction  expressing  the  portion 
of  incident  radiation  of  that  wave-length  which  is  ab- 
sorbed at  a  given  temperature,  Tait  ennnciates  the  law 
of  Stokes  as  follows :  The  emissive  power  of  a  body  for 
any  radiation  is  equal  to  its  absorptive  power  for  the- 
same  railiatiou  at  any  one  temperature.  It  follows  fnna 
this  law  that  to  produce  a  dark  line  in  a  oontinuoas 
spectrum  by  absorjitiou,  the  absorbing  body  must  be  ai 
a  temperature  ho  low  that  a  black  body  at  that  tempe 
iure  will  not  emit  the  particular  radiation  concerned 
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ttroQgly  as  does  the  source.  For  if  the  radiation  from 
flhe  Hource  be  R^  that  from  the  black  bmly  li'  at  the 
ttemperature  of  the  flame,  ami  r  the  absorbing  or  emit- 
tg  power  of  tlie  flame,  theu  the  flame  will  absorb  a 
►rti«iu  Rr  of  the  radiatiou  and  will  itself  emit  R'r, 
^Wlieni^e  the  total  radiation  [)assiiig  the  flame  is  R~  Rr 
ifr,  or  R{\  —  r)  -\-  R'r.  Putting  this  in  the  form 
-{-  r(^'  —  R)  it  appears  that  the  flame  will  increase  or 
[tmiai»h  the  radijitiiju  from  the  source  according  oh  R' 
greater  or  less  than  R ;  that  is,  according  as  the  radia- 
iou  from  tlie  source  is  below  or  above  that  from  a  black 
ly  rafliatitig  at  the  temperature  of  the  flame.  Stewart 
mirably  illustrated  this  by  placing  a  piece  of  red  glass 
a  coal  fire.  When  its  temperature  is  the  same  as 
X  of  the  coal  behind  it.  it  loses  all  color.  But  when 
it  is  cooler  than  the  coal,  it  appears  red,  and  when 
totter  than  the  coal,  it  appeal's  of  the  complementary 
[>lor,  green.  It  emits  radiations  of  precisely  the  same 
[nnliiy  as  those  which  it  absorbs. 

!i70.  ICadiation  from   Solids  and  Gases, — We    have 
ilreiidy  seen  that  radiation  increases  with  temperature, 
-om  the  absolute  zero  upward,  and  that  this  increase 
for  jb  black  body  is  partly  increased  amplitude  in  exist- 
ing wiive-h»ngths,  partly  a  progressive  increase  in  the 
ipper    limit  <if  the    wave-lengths,  so   that   shorter  and 
ihorter  waves  are  continually  added.     The  experiments 
ti  J.  W.  Draper  led  him  to  the  conclusion  that  the  tem- 
perature at  which  biminous  radiations  are  emitted  is  the 
ime  for  all  solid  bodies  and  is  about  52.3";  these  radia- 
^tions  containing  continually  shorter  wavedeugths  as  the 
Iperatnre  increases.     He  found  thjit  at  HOO'^  the  light 
liated   from    a  strip  of  platinum    is   thirty-six  times 
hat  radiated  at  1000°;  and  that  the    t<:>tAl   energy   riw 
ialed    at    1300°   is   17*8   times   that  emitted   at  525*. 
Weber  Ims  sliowu  that  these  cnnclnsions  require  some 
modification.     He  finds  that  the  first  visible  radiations 
of  an  incandescent  himp-carhon  are  emitted  at  about  390*, 
And  are  of  ji  spectnil  gniy  ci>lor;  the  spectrum  increas- 
ing equally  toward  the  red  and  toward  the  Wolet.    More- 
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over,  the  firnt  riuliationA  perceptible  to  the  eye  ccuneiima 
tho  name  purt  of  tlie  Bpectriim  t)i»t  einitfi  the  ruAxiiDqa 
enprgy  at  the  liighe^t  temperature.  H(>  uot^s  that  ad 
iron  plate  begius  to  send  forth  '^my  light  at  H1S\  u  jiUt- 
innm  plate  at  39F,  aud  a  gold  plate  at  417*.  EvidcntlT 
the  question  of  visibility  i«  one  largely  dependent  on  the 
seusitive.neKrt  of  the  obnerver^H  eye. 

As  to  the  (jiiulity  of  the  radiation  from  incande.soeot 
solids,  Stewart  ha.s  shown  that  bodies  whiidi  arc  Dtt 
black  obey  the  laws  connecting  quantity  and  quality  vl 
radiation  with  temperature  for  a  black  bod}*,  provided 
they  are  Hutliciently  thick.  And  hence  that  the  rmliv 
tiou  from  all  solids  at  a  high  temperature  contains  an 
indefinite  number  of  wavedeugths,  and  affcTrds  a  con- 
tinuous spectrum  (vloS).  Such  are  the  radiations  from 
the  inoHudesceut  carbou  of  the  electric  light,  those  from 
a  coal  fire  and  those  of  the  lime-light. 

In  the  case  of  gases,  however,  owing  to  their  Him- 
pier  oonstitution,  the  phenomena  of  radintion  are  much 
sinjpler.      The  general   absorption    of   light  by  air  h 
trifling ;  and  Melloid  has  shown  that  heated  air  has  a 
correspondingly  low  railiatiug  power.     Gases,  howerer, 
including  vapors   at   high  temperatures,   exert   for  the 
most  part  a  strong  selective  absorption.     Thus  a  coluniu 
of  air  IBtM)  meters  long  pro<luces  absor]>tioii-band8  in  A 
lime  light  spectrum,  corresponding  to  the  solar  gniapa 
,/,  fi,  and  B  (418) ;    these  groups  themselves  being  pro- 
4luced,  as  Egoroff  has  shown,  by  the  absorption  of  thf 
oxygen   in    the    atmosphere.      Keeler   has   rendered  it 
probable  that  tlie  great  band  S).  i>bserved  by  Langlej 
in  the  idtra-red  invisible  spectrum  is  due  to  an  absorp- 
tion exerted  by  the  carbon  dioxide  existing  in  our  at- 
mosphere.    But  by  the  law  of  Stoke.s,  the  radiations 
jibsorbed  are  those   which  the  same  substance  emits; 
aud  hence  a  cooler  gas  should  b»*  opake  to  radiations 
from  a  hotter  one.     Keeler's  experiments  show  thai  & 
column  of  carbon  dioxide  3*4  meters  long  absorbs  »% 
])er  cent  of  the  radiation  from  a  Buusen  fiame.      And 
Tvudall  has  proved  that  a  thirtieth  of  an  atmosphere  of 
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^his    gas   ruts  off  tbe    eutire    radiation  from   h    t^arbon 

tonosdde  tlame. 
Moreover,  TyudjilFs  rosearclies  sliow  that  tLe  aliHorh- 
ig  power  of  gases  and  vapors  at  or<]inarv  temperatures 
for   in%'iBibld   radiatious   is   very  variable.      Using   tlie 
Tadintiou  from  a  O/Opper  platH  lioitHd  to  270°,  lie  found 
thftt  at  a  presBure  of  c)nlj  u\x**-  tliirtietli  of  an  atiuo»pbere, 
■    "ibe  abHorptiou  produced  by  amiuunia-gaH  was  over  five 
thonaand  tinieH,  that  by  oleiiant  gas  over  sis  thonsaud 
times,  and  that  by  sulphur  dioxide  six  thousand   four 

iliuudred  and  eighty  times  that  of  air.     Ammonia  in  a 
tiibe  a  meter  long,  while  perfectly  transparent  to  light, 
is    absolutely  bhick   to   radiatiims  from   copper  at  270". 
The  vapor  of  acetic  ether,  under  a  pressure  of  only  one 
tljirtieth  of  an  atmosphere,  produces  the  same  absorp- 
tion as  animouia-gas  at  one  atmi>sphere.     And  the  vap<ir 
<»f  boric  ether  absorbs  the  same  radiations  1H()(M)0  times 
naore  powerfully  than  air   at  the  sjime  pressure.      The 
c>clors  of  plants,  tcH),  are  luiwerfully  absorptive.      Even 
t^ie  aqueous  vaj>or  in  tlie  atmi)Splu^ro,  as  the  same  author 
^aa  shown,  produces  an  absorption  from  GO  to  70  times 
I      •*  great  as  that  of  the  air  itself.     Langley  concludes 
"^m  his  Mt.  Whitney  observations  that  the  atmosphere 
*^  a  ^hole  exerts  u  powerful  selective  abBor])tiou.     If 
'^1  Ihe  solar  radiation  were  of  the  wave-length  0'()020  mm. 
"'*^   eartli  would  receive  90  per  cent  <^)f  it;  but  if  these 
'''^^liations  were  of  wave-length  0*0004  the  earth  would 
'^ceive  but  40  per  cent  of  it     **  The  temperature  of  the 
^^-i^th's  surface,"  hi^  sjiys,  **  is  not  due  princijjully  to  this 
direct  radiation,  but  t(»  the  quality  nf  selective  absorp- 
^^tx  ill  our  atmosphere  without  which  the  temperature 
^^    the  Roil   in    tlie   tropic's  under  a  vertical  sun   would 
P'^ohably  not   ris**   above  —  200°."     "The   tem}>erature 
'^*  this  planet  and  with  it  the  existence  not  only  of  the 
"**»nan  rue**  but  of  all  organized  life  on  the  globe  ap- 
^'ir^,  in  the  light  of  the  conclusions  reached  by  the  Mt 
'  lituey  exj>edition,  to  depend  far  less  on  the  direct 
J       **^*lftr  heat   than  nw    the   hitherto   too    little   regarded 
L    "M^Jility    of   selective    absorption    in    our    atujospliere." 
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This  selective  absorptiou  of  the  atmosphere  appeuiii 
the  terrestrial  lines  of  the  visible  solar  spectrum,  irhicb 
are  directly  traceable,  as  we  have  seen,  to  its  carUo 
dioxide,  its  aqueous  vapor,  and  its  oxygeu.  But  tlie 
selective  abH<»rptioa  which  reuders  the  earth  habitaMe 
has  to  do  with  radiations  of  far  too  great  length  to 
the  eye;  radiations  such  as  those  from  the  soil  at 
peratures  between  0**  and  100^,  whose  wave-len^thsi,  iw 
Lau^ley  hiniHelf  has  shown,  are  probably  not  far  inm 
0015  mm.  ;  being  therefore  twenty  times  as  long  as  tiie 
longest  wave-leugth  visible  to  the  eye. 

The    ffither-disturbances    which    are    produced  l»r 
geseous  vibrations,  however,  are  not  due  to  molecaI»r 
but  to  atomic  motions.     Tliat  is,  they  do  not  origiuate 
iu  the   motions  of   molecular  translation    assnmeil  br 
the  kinetic  theory  of  gases,  but  iu  the  intra-molecolay 
vibrations  of  tlie  constituent  atoms.     This  is  proved  bj 
the  fact  that  these  lether-disturbances,  these  radiutinus, 
are  characteristic  onl}'  of  the  atoms  c<incerued.     Tlmnif 
hydrogen  be  raised  by  an  electric  spark  to  a  sutBcieutW 
hi^h  temperature,  it  emits  a  crimson   li^'ht  comfMiMd 
of  radiations  wliose  wave-lengths  are  *0006o6,  IXXMSfi, 
-000434,  and   -000410   mm.     Togetlier   these   four   hue* 
constitute  tlie  visible  spectrum  of  hydrogen ;   ami  Uiese 
four  wave  frequencies,  whether  found  in  radiatiiuis  »l 
terrestriiil   (jrif^iu   r>r   received   from    the   sun,   the  tiiwl 
stars,  or  the  remotest  nebula,  indicate  the  presence  »t 
the  source  of  the  radiation  of  the  element  hydrogi^n. 
In  order  to  determine  the  presence  of  a  chemical  ele- 
ment anywhere,  we  have  only  to  examine  the  sjtectram 
given  by  the  radiations  from  that  source.     A  bit  of  salt 
heated  in  a  Bunsen  flame  is  vaporized  and  its  vapor  is 
raised  to  the  temperature  at  which  it  becomes  lumiuoDs. 
Its   spectrum    then   consists   of  the    two    bright   lines 
already  spoken  of,  of  wave-leugths  0005895  antl  •Ot)05«f<9 
millimeter  res[>ectively.     But  tliese  lines  constitute  Lhe 
spectrum  of  sodium,  the   chlorine  not  becoming  lan^ 
nous  at  this  temperature.     This  method  for  delecting 
chemical   elemonta  by  means  of  the  spectra  given  by 
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their  incaudesceut  vapors  is  calletl  spectrum  analysis,  and 
will  he  riioi'«  fully  considered  later. 

IM  1.  C'liciiitcul  LIftVctsot'  K4k<Uutioii.— Photo(jrraph>. 

— ^Besidi^fl  the  lumiuons  and  heatiu^  effects  produced 
when  railiutiou  is  iaeideut  upou  matter,  there  are  also 
ciii<>mical  effects.  These  effects  uiay  be  uf  the  uature  of 
^Hubiiiation  or  of  decomposition.  Thus  under  the  ac- 
tuu  of  light,  chloriue  uuites  with  hydrogeu  aud  the  car- 

n  dioxide  <if  the  air  is  decomposed  in  the  leaves  of 
Jants,  the  euerf;y  of  the  radiation  appearing  as  stored 
ner>;>'  in  the  plant  Certain  of  these  chemical  changes 
re  exceedingly  prompt,  as  in  the  case  of  the  darkening 
»f  the  silver  halides  l>y  liglit;  a  fact  underlying  the  art 
»f  tixiug  the  image  i)roducc:d  hy  the  camera,  called  plio- 
>graphy.  It  is  found  that  while  a  great  variety  of  sub- 
Itancos  are  sensitive  to  light,  the  radiations  which  effect 
\\%i  red  uction  of  the  salts  of  silver  are  of  short  wave-length, 
yiu^  iu  or  beyond  the  violet  of  the  spectrum.  Eder, 
owever  (1881 1,  sh(»wed  that  the  addition  of  a  minnie 
roportion  of  certain  coloring  matters,  such  as  eosiu,  for 
rxaiaple,  reuders  silver  bromiodide  sensitive  to  a  much 
greater  range.of  the  spet'truiu.  Phot<jgraphic  jihifces  thus 
>repared  are  called  orthochromatic  plates;  and  by  their 
neaus  Abuey  has  obtained  photographs  even  of  ultra-red 
iivisible  radiations.  Tyndall  has  shown  the  power  of  the 
(lectric  light  to  decompose  the  vapors  uf  organic  liquids 

cli  as  amyl  nitrite  and  allyl  and  isopropyl  iodides. 
n72,  Kuilioinelef.— Ka<liophcnie. — In  1873,  Crookes 
bservod  that  when  radiation  ik  allowed  to  fall  on  the 
blackened  surface  of  a  disk  of  pith  suspended  iu  an  ex- 
bauiited  glass  tube,  there  is  attraction  when  the  pressure 
is  above  7  u\xi\.  and  repulsion  when  below  it;  tliis  criti- 
cal pressure  varying  for  different  substances.  In  1875, 
be  dt^vised  the  radiometer  for  showing  this  action  of  ra- 
diation. It  consists  of  a  globe  of  glass,  suital>l>'  ex- 
hausted, carrying  a  steel  ueedle,  upon  the  point  of  which 
reittH  a  cap  to  which  are  attached  the  four  arms  of  a 
aae  or  Hy  made  of  aluminuiii,  these  arms  terminating 
hi  four  diskH  or  squares  of  mica  blackened  on  one  side. 
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Wbeu  radiadou  falls  upon  the  inHtrumeut^  it  in  aW>rl)«d 
more  completely  hy  tbe  l)]ackeue<l  surfftoe  than  bjr  ibe 
imblackeued  Hurface  ;  aud  t^o  raiseH  its  temperature  tn^ 
bighor  }>oint.  The  inoleculeH  of  tbe  enclosed  gaa  coo- 
ing in  eoutact  with  tbe  former  •surfare  be<7oiDe  more 
beated  aud  bu  move  away  from  it  more  rapidly  tbau  fnim 
tbe  latter  Hurface ;  tbuH  eansing  a  greater  pref^surtf  <>ii 
tbe  blackened  Bide,  wbieb,  sinc^  tbin  surface  is  Uiovii- 
ble,  acts  by  reaction  to  move  it  away  from  the  radiant 
source.  At  ordinary  atmospheric  pressure,  this  incre»ie 
of  pressure  causes  a  How  of  tbe  mtdecules  round  ihe 
edge  to  tbe  other  surface ;  tbna  producing  equilibriom. 
But  as  the  ^lohe  is  exhausted  tbe  mean  free  path  of  the 
molecules  increnses,  until  finally  the  bf-ated  moleculwt, 
in  place  of  losing  their  niotiou  to  other  molecules  veij 
near  the  blackened  surface,  impiuf^e  upon  the  walJH  of 
tbe  globe  and  produce  a  eounter-pressure  there.  Tbea 
tbe  maximum  effect  occurs,  tbe  excess  of  pressure  apuo 
the  blackened  surface,  nceordin^  to  Crookes,  beinfc 
11*5  X  10*  gram  per  square  centimeter.  Endently  tlii» 
pressure  will  cause  rotation  of  the  fly,  as  tbe  blackened 
surfaces  all  face  in  the  same  direction.  So  that  the 
radiometer  is  an  actual  beat-engine  in  which  the  vhdh* 
act  as  tbe  heater  aud  the  glass  as  the  refngerator.  Tbst 
this  explanation  is  tbe  true  one  was  proved  by  Scbueter 
(1876)  by  suspending  the  globe  bifilarly  and  abowiii),' 
tbat  it  tended  to  rotate  in  tbe  opposite  direction  to  thtt 
of  the  «y. 

Since  tbe  rapidity  of  tbe  rotation  is  proportional  to 
tbe  intensity  of  the  radiation,  it  may  be  used  to  measure 
this  intensity ;  whence  tbe  name  radiometer,  Crookes 
showed  tbat  with  a  caudle  50  cm.  distant,  a  certain  m* 
diometer  made  one  revolution  in  182  seconds ;  while  at 
25  cm.  it  rotated  in  45  seconds  and  at  12*5  cm.  in  II  sec- 
onds; thus  folhnving  the  law  of  the  inverse  squares. 
With  a  candle  at  12*5  cm.  distance  behind  green  glass, 
one  rotation  was  efTeeted  in  40  seconds ;  with  blue 
glass  in  38  seconds,  witli  purple  in  28,  with  orange  in 
26,  with  yellow  in  21,  and  witli  light  red  in  20  seconds. 
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Bjt'  haluuciug  this  molecular  boiulniMlmeut  u^aiust  gmv* 
itv,  Crookes  «howe<l  that  the  radiation  nf  a  caudle  at  15 
Bin.  distance  exerts  a  pre»«iire  i>f  ^fiie  Ituuilnnltlt  uf  a 
inillif^raui  upon  t^aoh  Hquiire  ceutimetpr ;  so  that  if  huu- 
jjUt  is  equivalent  U>  IDW)  oandles  nt  30  centimeters  di-s- 
ce,  the  Crookes  pressure  exerted  by  it  is  about  22 
t'tric  tons  upon  each  s<|uare  kilometer. 
Every  heated  surface  therefore  is  surrounded  bv  a 
tKy^r  of  molecules  actively  engaged  in  bomV)arding  ex- 
rnal  molecules  away  from  it;  the  thickness  of  this 
aycr  being  dependent  f)u  the  exhaustion.  Water  upon 
,  Lot  surface  of  iron,  for  example,  is  supported  upon 
acb  a  Crookes  layer;  it  does  not  wet  the  iron  but  as- 
umes  what  is  known  as  the  spheroidal  state  (320). 

lu  1880-81,  Bell  and  Taiuter  showed  that  souorous- 
Bena  under  the  influence  of  intermittent  radiation  is  a 
property  common  to  all  matter.  Using  a  beam  of  sun- 
light rapidly  interrupted  by  means  of  a  rotating  perfo* 
TaUnl  ditik,  sounds  were  obtained  when  the  light  fell  on 
"VttrifMis  substances  enclosed  in  a  conical  receiver  pro- 
"vided  with  a  hearing  tube.  Lampblack  gave  the  best 
effect     The  instrument  is  called  the  radiophone. 

Section  III— Piioi'agation  of  Radiation. 

A. — IlECTn.INEAIl   PBOPAOATION. 

:i7a.  «|M*e<I  of  Propn^atiuii. — The  speed  with  which 
ft  disturbance  is  }>ropagated  through  any  medium  is 
directly  pri>p<^»rtional  to  the  square  root  of  the  elasticity 
of  UuA  medium  and  inversely  proportional  to  the  square 
mot  of  its  density  <155)  ;  i.e..  S  =  i'E/J.  In  the  case 
of  ntdiation,  however,  we  are  obliged  to  invert  this  for- 
mula and  to  det4?rmine  the  proj)erties  of  the  aether  from 
the  speed  of  radiation  iudepeudently  determined.  The 
methods  whidi  have  been  used  for  ascertaining  the 
Hpeml  of  light  are  four  in  number,  two  of  them  astro* 
uomical  in  principle  and  two  physical. 

I.  Roemer'a  method. — In  1075,  Roemer,  a  Danish  aa- 
ironomer,  tlien  an  obBerver  in  the  Paris  Observatorjf 
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noticed  that  the  iuterval«  l>etweeu  the  HucceHsive  edij> 
i>f  the  iuuer  satellite  of  Jupiter  were  shorter  than  ii 
true  value  wheu  the  earth  \va»  approaching  the  pin' 
and   longer   thau  this  wheu    it  was    recediug  from  : 
Careful   btudv   proved   that   this   discrepuni'v   betve 
theory  aud  observation  was  due  to  (lie  time  taken  byii 
light  t<^  cross  the  intervening  spaces;  the  distances  ii 
creasing  in  length  between  Hureensive  eclij)ses  when  llie 
earth  was  rece<Uug  from  Jupiter  aud  diniinisliiug  wLcd 
it  was   approaching  it.      The   extreme    diflference  wu 
observed  V»etween  conjunction  and  opposition  ;  aud  tM* 
ditfereuce  was  l(j  miuule.s  3G  seconds.     Obviously,  there- 
fore, this  was  the  time  required  by  the  light  to  pass  over 
the  niaximunj  distance;  i.e.,  the  diameter  of  the  earth'i 
orbit.      Cullii»g   this    299  270000   kilometers,    we   haw 

-,,,  .>^..— 7>A  =  3(.K)4(0  kilometers  per  second. 
ih  oh    X  oO  ^ 

II.  Bradley's  method. — In  consequence  of  the  eartb's 

motion  in  its  orbit,  certain  stars   appear   displaced  in 

advance  of  their  real  positions  ;  just  as  laiu  which  falls 

vertically  wlieu  viewed  from  a  train  at  rest,  appears  to 

come  from  a  point  in  advance  of  the  train  when  it  ia  is 

motion.     The  angle  of  displacement  is  the  greater,  the 

greal^:?r  the  speed  itf  the  train,  and  its  tangent  is  alway* 

the  ratio  of  the  two  speeds.     In  1728^  Brailley,  the  Enff* 

lisii  Astronomer  Royal,  not  only  observed  this  displace- 

miMjt  of  the  stars  but  measured  it  accurately,  assigned 

tiie  true  cause  of  it,  and  gave  it  the  nanip  aberration  <>f 

light.     The  angular  displacement  from  the  uieau  jm>m- 

tiou  observed  by  Bradley  Mas  20'2G"  of  arc  ;  and  this  is 

called  the  constant  of  aberration.     The  tangent  of  t)u« 

angle  is  of  course  the  ratio  of  the  speed  «  of  the  earth  in 

its   or]>it  to   the   speed  of   liglit  S;   i.e.,    tan    a^zg/S, 

Whence  the  speed  of  light  is  equal  to  the  speed  of  the 

earth  in  its  orbit  divided  by  the  tangent  of  the  angle  of 

jiberration.     Since  the  tangent  of  20'26"  is  about  0*00*)!, 

and  the  speed  of  the  earth  is  about  30  kilometers  p'^r 

second,  we  have   S  =  s/  tan  «  =  30  -^  -0001  nr  :tO(X1()U 

kilometers  per  second  as  the  speed  of  Light. 
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III.  FixeaQB  method. — lu  1849,  the  speed  of  light  over 
rrestrial  (lintauceK  was  meHsured  for  the  tirst  time. 
lie  Bpace  traversed  was  that  from  buresues  U)  Mout- 
LtkTtre,  near  Pan8,  the  distauce  Leiug  8663  lucters. 
ee  a  speed  is  a  instance  divided  b}'-  a  time,  it  re- 
aiueil  only  to  determine  accurately  the  time  required 
>  puss  over  this  distance  and  back  agaiu.  The  de%nce 
m  ployed  by  Fizeau  for  measuriug  the  time  consisted  of 
revolving  toothed  wheel,  whose  rate  of  rotation  could 
)  accurately  observed  and  which  was  placed  in  the 
mill  iif  the  liglit.  When  at  rest,  the  light  passed  out- 
ttrU  thnmgh  a  space  between  two  teeth  to  the  distant 
tiou,  where  it  was  retlected  back  over  its  path,  passing 
lir<^ugb  the  sami^  space  on  its  return.  If  now  the  wheel 
>e  votjited  witli  a  griulually  increasing  speed,  a  time  will 
^nie  when,  during  tlws  interval  required  for  the  light  to 
5<»  from  the  tii*st  statiou  to  the  second  and  back,  the 
ift'heel  will  have  revolved  so  far  that  a  tooth  will  have 
taken  the  place  of  a  space,  and  on  its  return  the  light 
^ill  be  eclipsed.  Since  what  is  true  for  any  one  space  is 
true  for  all,  it  follows  that  when  this  speed  of  rotation 
is  reached  the  returning  light  will  be  entirely  cut  off. 
Knowing  this  s])eed  »jf  the  wheel  and  the  uumber  of 
eeth,  the  time  required  for  a  tenth  to  move  into  the 
>c>aition  of  a  space  may  be  calculated.  But  this  is  the 
ime  which  the  light  takes  to  ]iass  over  twice  the  dis- 
iiuioe  between  the  stations.  The  wheel  uwed  by  Fizeau 
ad  720  teeth,  and  of  course  therefore  tlie  distance  from 
tooth  to  the  next  space  was  1/1440  of  the  entire  cir- 
nnifereuce.  It  was  found  that  the  light  was  eclipsed 
■when  the  wheel  was  revolving  12'6  times  a  second.  One 
circuraforeiice  was  described  ct>nsequently  in  1/12*6  of  a 
iM>coud  aud  1/1440  of  a  circumference  in  1/(14:40  X  12'6) 
or  1/1H144  of  a  second.  If  the  liglit  moved  over  17*326 
kilometers  in  1/18144  of  a  second,  its  speed  is  evi<lently 
17'326X  18144  or  314000  kUometers.  In  1874.  Corun  re- 
peated this  experiment  and  obtained  a  speed  of  300400 
kilometers. 

IV.  Foucaulf  s  method.  —In  1851,  Fouoanlt  proposed  a 
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much  uore  delicate  lut^tluttl  of  nieiusuritj^  time,  iu  coase- 
queuce  of  winch  he  whk  lihlu  U>  rnoiusuro  witlj  rt^iuurUbW 
accuracy  the  iuterval  required  for  light  to  pass  oTrr  & 
disUtnce  of  only  four  meters.  This  method  wni^  btued 
upon  the  use  of  a  revohnng  mivor  AI  (Fig.  132)  npuii 
which  the  li^^ht  from  the  opeuiug  0  fell,  aud  by  wiilcij  il 


waH  reflected  to  a  fixed  concave  mirror  m.  Wheu  ibe 
revolving  mirror  is  in  the  proper  position  and  at  r&st, 
the  li^ht  returned  from  the  fixed  mirror  la  reflectr  d  to 
the  starting  point.  But  if  it  iH  in  motion,  ao  that  during 
the  time  re<juired  by  the  light  to  go  from  31  to  m  and 
back,  it  han  moved  into  the  positi<ui  shown  by  tlie  un- 
shaded HectioUf  the  light  will  be  reflected  not  to  0  bnt  to 
D.  Knowing  the  Speed  of  the  mirror,  the  time  requin'd 
to  produce  the  devijitiou  OMD  is  easily  calculable;  nuii 
as  this  is  the  time  during  wiiich  the  light  moves  over 
twice  the  distance  m3/,  tlie  speed  of  light  may  thus  be 
ascertaineil.  In  1862,  Foucault  nnide  the  experiiueiit 
and  obtained  298574  kilometers  as  the  speed  of  light. 

In  1878,  Michelson  improved  the  Foucault  apparatoA 
by  employing  a  plane  fixed  mirror  ;  thus  permitting  tie 
use  of  any  distance  between  the  mirrors.  The  arrange- 
ment of  his  apparatus  is  shown  in  the  figure  (Fig.  133)i 
in  wliich  S  is  a  division  of  a  scale  ruled  on  glaas,  M  % 
revolving  plane  mirror,  L  an  achromatic  lens,  and  S'*  % 
fixed  plane  mirror.     The  point  S  ia  so  situated  that  it& 
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l&ge  S'  redecteil  iu  the  mirrt>r  M  ih  iu  one  focus  of  the 
a  /^  while  the  image  of  S'  coiuciiles  witli  the  mirror 
,  wbich  is  placed  at  the  conjugate  focus.  When  M 
cms  elowly,  the  light  from  S"  iH  reflecttul  back  tLrou^h 
le  lens,  the  imago  fovmed  coinciding  with  *S'.  "When  the 
lirror  rotates  rapidly,  however,  the  position  of  M  will 
ve  changed  while  the  light  travels  from  M  to  8"  and 
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>ack  again,  and  the  image  will  be  displaced  in  the  diree- 
ion  of  rotation  of  the  mirror.  As  finally  arranged  the 
volviug  mirror  was  8*58  meters  from  the  slit,  and  the 
xed  mirror  605  meters  from  the  revolving  one.  With  a 
d  of  257  rot'itions  per  second,  tlie  observed  deviation 
113  millimeters.  This  gives  299992  kilometers  for 
Ihe  speed  of  light  in  air  and  299010  kilometers  in  vacuo. 
A  second  set  of  experiments  made  in  1882  gave  for  the 
|j>eed  of  light  in  vacuo  299853  kilometers. 

Newcomb  in  1882  made  a  similar  series  of  experi- 
ments, using  as  tlie  revolving  mirror  a  square  prism  of 
Iteel  with  polished  faces.  The  distance  between  the  two 
nirrors  was  3720  meters.  His  result  is  299860  kilo- 
oeters,  for  the  speed  of  light  iu  vacuo. 


SPEED  OF   VISIBLE  RADIATION   IN   VACUO. 


EjciH-rimenior.  Meihorl. 

FouoauH Foucault 

Coruu..  .        Fizeau 


Vcnr. 

1862 
1872 
1874 


PIftOC. 

Paris 
Paris 


LLsting (Calculated  from  above) 

MichelsoD Foucault         1879     Annapolis 

"                1882     Cleveland 

Kewcomb "                   "     Washington 


Speed. 

298574 
298731 
300028 
299990 
299910 
299853 
299810 


(Using  selected  determinations)  299860 
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The  latter  number  2-99860x10"  ceutimeters  per  second 
inaj  be  accepted  as  the  most  probable  value  for  the  speed 
of  lif^ht  iu  vacuo. 

The»e  phyfticol  melhodft  have  been  so  much  irapru^ed 
in  recent  years  that  their  result  tuay  be  accepted  with 
entire  couiiileuce.  And  hence  the  8peed  of  li^ht  tboi 
obtained,  >vhen  combined  with  an  accurate  deteirmiutttioii 
of  the  time  required  for  it  to  t-ross  the  eartb's  orhil,  or 
with  the  a1>frratiou -con stunt,  may  be  expected  to  furoiab 
a  more  exact  determination  of  the  8un*s  distance  than  can 
he  obtained  directly  by  any  purely  astronomical  meas- 
arenient. 

The  speed  in  vacuo  of  all  waves  is  the  same  aud  is 
therefore  independent  of  the  wave-length.  Were  tliii 
not  the  fact,  then,  inasmuch  as  the  light  of  differant 
wave-leu}^ths  is  different  in  color,  it  is  evident  that  one 
of  the  satellites  of  Jupiter,  for  example,  on  reappeariog 
from  behind  the  planet  after  an  eclipse,  would  be  seen 
first  of  the  color  which  traveled  fastest,  tlie  other  colors 
subsequently  appearing.  Nothing  of  this  sort  being  per- 
ceptible, the  inference  is  that  in  space  all  waves  have  tlie 
same  speed,  whatever  their  length. 

Lord  Ruyleigh  has  pointed  out  that  in  cases  where 
the  speed  of  wave-propagation  depends  upon  the  ware- 
length,  there  is  a  difference  between  the  speed  of  a  single 
wave  and  that  of  a  group  of  waves.  While  tlie  aberra- 
tion method  above  described  would  give  the  actual  wave- 
speed,  the  method  founded  on  the  observatiim  of  Jupiter's 
satellites  and  the  metljod  of  Fizeau  would  give  the  group- 
speed  ;  aud  the  method  of  Foucault  would  give  a  value 
})rop(irtional  to  V^/U^  in  which  V  represonts  the  wave- 
speed  aud  U  the  group-speed.  As  no  such  differences 
have  been  actually  observed,  the  conclusion  is  that  in 
air  as  iu  vacuo  nil  waves  have  the  same  speed  whatever 
their  length. 

H74.  KectiliniMr  Propnj^ntlon. — Ra<liations  in  the 
same  medium  whother  visible  or  invisible  are  propa- 
gated only  iu  practically  straight  lines.  But  how  is  tbi& 
accounted  for  on  the  wave-hypothesis  ?    If  radiant  euer|[^ 


fKRQ  r  OVjSTUBR-  VIBHATIOir.-RADfANT  BKBHO  T.  403 

Dsist  of  the  motion  of  inateriiil  particles  shot  out  from 
D  radiating  hod y,  then  obviouHlj  these  piirticleH  Hhonid 
[)ve  iu  stniight  liue^.  But  if  radiiitit>n  is  a  wnve- 
Dtiou  iu  au  elastic  medium,  why  doeH  uot  thin  motion 
kread  in  all  directions;  just  as  sound  does,  which  is  a 
uve-iuotiou  ?  A  sheet  of  paper  intercepts  the  lij^ht  from 
caudle  if  placed  between  it  and  the  eye;  hut  it  does 
Dt  perceptibly  dimiuish  the  sound  of  a  bell,  when  held 
tweeu  it  and  Uie  ear.  The  importance  of  this  question 
pears  from  the  fact  that  Newton  considered  it  fatiil  to 
e  hypothesis  of  wave-motiou,  aud  Huyghens,  the  father 
(f  the  wave  hypotiiesis,  was  unable  to  explain  it. 

In  the  section  on  composition  of  wave-motioue  (GO),  it 
ras  fefihowu  that  the  disturbance  at  auy  point  in  an  elastic 
Dediuni  is  to  be  cousidere*!  the  resultant  of  all  the  wave- 
notions  simultaneously  acting  there.  Moretner,  it  has 
>eeD  shown  that  when  two  wave-fronts  act  simultaneously 
ipou  a  particle,  this  resultant  is  dependent  also  upon 
ihe  phaKes  in  which  the  waves  reach  this  particle.  If 
the  waves  are  etpial  in  amplitude,  the  resultant  will  be 
either  zero  or  a  wave  of  twice  this  amplitude,  according 
hft  the  two  waves  are  in  opposite  phases  or  are  in  tlte 
lame  phase.  Suppose,  for  example,  the  wave-front  AU 
Fig,  134)  is  advancing  from  left  to  right.     We  may  in- 
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lat  portions  of  this  wave  will  be  effective  at  the 
.iat  P.    Draw  the  lines  PO,  PS,  PS, ,  PS, ,  and  also  the 
inoH  Pit,  PR, ,  Plt^i  8o  that  each  of  these  lines  (liffera 
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from  the  preceding  one  by  bulf  a  wave-lengUi.  Tlipntb« 
rM<1iati<>ti  from  .S  will  bt*.  oy>]>nsita  in  phnse  U)  that  fmm 
^>,  tluit  from  .V  will  be  siiuihir  in  phane,  that  from  S^ 
opposite,  and  so  on.  And  in  general  the  radiiitioD  froa 
th»»  portion  SO  of  the  wave-front  will  be  ojipnsiW^  ii 
to  that  froni  the  portion  SSij  aud  that  from  aS,^.  - 
to  it  The  same  will  be  true  for  the  portioud  /f/i',  nnd 
//,/(*,.  Sint'e  the  effectiveness  of  the  radiation  from  aiit 
]iortion  of  the  wave-Hurface  is  proportionate  jointlr  t«) 
the  area  of  that  surface  and  to  the  angle  of  emission,  tbea 
as  the  elements  of  surface  are  made  smallnr.  and  as  th*"^ 
elements  are  farther  and  fartlier  from  O,  it  is  clear  th*! 
ultimately  the  oblique  radiations  from  the  wave-front 
will  mutually  destroy  each  other;  leaving  only  the  por- 
tions near  O  to  act  upon  the  point  P.  In  other  word*, 
the  effective  waves  are  those  only  which  are  propagated 
a]on^  the  normal  to  the  wave-front 

The  couHtructi(ui  which  we  have  now  given  becomM 
possible  tiuly  when  the  wave-length  is  very  small  in 
comparison  with  the  wave-front.  So  that  as  in  the  cam 
of  sound,  the  greater  wave-length  results  in  the  greater 
lateral  divergence  of  the  wave  and  sound-shadows  are 
quite  ill-defined. 

:I75.  Foriiiatioiiof  KhndowM. — One  of  the  results  of 
the  rectilinear  propagnlion  of  radiation  is  the  j»ri»duc- 
tion  of  shadows;  a  shadow  being  defined  as  the  space 
Itehind  an  object  which  is  itself  incapable  of  transmitting 
the  radiations.  Such  an  object,  with  reference  to  lumi- 
nous radiations,  is  called  opake.  If  a  disk  be  belt! 
opposite  a  caudle-fiame,  aud  straight  lines  be  drawn 
from  the  fijime  tangent  to  tlie  edge  of  the  disk,  the 
conical  space  belxiud  the  disk  which  is  un-illumiuatetl  is 
called  the  shadow.  If  the  source  of  light  be  a  {X}int,  the 
edges  of  a  plane  sectitm  of  the  shadi^w  are  sharp.  If  it 
have  an  appreciable  surface,  the  edges  of  the  shadow 
»hade  off  gradually.  Thus  suppose  three  Inminoaa 
]>oiuts  A,  lit  C  to  be  taken  (Fig.  135)  and  suppose  Ml^ 
to  be  the  opake  object ;  say  a  cardbf>ard  disk.  Let 
01'  be   an    intercepting  screen.     The   portion   of  this 
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reen  at  a  receives  no  li^ht  whatever  from  either  of  the 
r«e  sources.  It  is  tlirivfore  aWilutely  diirk  ami  Is 
Hod  the  ambra.  Th**  [Mtrtion  he'  receives  light  from 
e  two  points  B^  C.  ami  the  portion  Ik  from  the  two  j>i)ints 
,  H\    the  portions  ab  nnil  nh'  receiving  light  only  from 
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e  points  J  And  C respectively.  Tlie  furnier  tw4»  portions 
oeive  light  from  two  n!  the  three  soarces,  the  latter 
oiu  ouly  one.  Hence  the  umbrft  is  Hurroau<le»l  with  n 
k  ring  linving  one  thinl  of  the  li^ht  upon  it^  an<l  witli 
nd  dark  ring  having  two  thirds  the  light  upon  it. 
s  sutroatiding  region  through  which  the  iiiiilirn 
adnally  slindes  ofF  i-s  called  the  penumbra.  It  is 
dwajs  seen  whenever  the  source  of  light  has  an  a])- 
]irociable  size  and  the  opak»  object  is  not  too  remote 
Irora  it. 

The  camera  obscura  depends  upon  the  fact  that  light 
H  propagated  in  straight  lines.  It  consists  of  a  dark 
room  having  an  opening  in  the  wiudow-shuttt^r.  On  tlie 
irall  opposite  tlve  opening  is  seen  an  image  of  outside 
[>bject8  in  an  inverted  position.  This  image  is  sharper 
in  proportion  as  the  opening  is  smaller.  But  us  tliis 
reduces  the  hriglitness  of  the  image,  it  is  necessary  to 
luake  some  sacririce  of  sharpness  in  order  to  obtain  a 
Hbright  image.  The  camera  (d)scnra  was  invented  bv 
B.^ptisiii  Porta  in  loOO.  On  the  same  principle  Lord 
ICayleigh  has  constructed  his  pinhole  camera. 

B.— ItEFLECTTOS. 

37«.  Change  or  nireotiim  with  Chnnffe  ot'Meaiuiii, 

Rectilinear  propagation  of  radiatitm  is  trne  only  so 


PUY81CS. 


long  as  the  medium  traversed  reuiaiiiti  lUicLangcKl  u^ 
cLuraet**!'.  Wlieu  incideut  upon  the  surface  nf  ii 
medium,  the  radiatiou  is  divided  into  two  porti- 
of  which  is  turned  back  into  the  medium  from  wiiic^u 
comes,  or  is  reflected;  aud  the  other  enters  the  medittm 
or  is  refracted;  in  general  chan^'iu^  its  direction  iii  IkjiIi 
cases.  When  rejected,  it  may  he  regularly  reflected  a* 
as  to  form  au  image ;  or  irregularly  reflected  or  itrAt- 
tered.  When  refracted,  that  portion  whiidt  enters  the 
second  medium  is  also  divided  into  two  parts,  one  of 
which  is  transmitted  aud  the  other  absorbed.  Por  con- 
venience of  discussion  it  is  desirable  to  fix  the  atti^Dtiott 
not  alone  upon  the  wave- front,  but  also  nj>on  the  nnriDal 
to  the  wave-front,  which  is  called  a  ray.  Hence  a  rav  is 
detined  simply  as  the  line  along  which  the  energy  i« 
prupagnted.  A  bnnille  of  such  raj'S  when  parallel  w 
sometinies  called  a  beam ;  and  when  convergeut  or 
divergent,  a  pencil.  That  part  of  the  subject  which  diii- 
C!isses  upon  geometrical  principles  the  change  of  direc- 
tion which  rays  nn«levgo  in  retlectii)n  und  refraction  is 
calleil  Oeometrioal  Optics. 

;J77>  Kcflcctioii  »1'  Kadiiition. — The  laws  of  retiei- 
tiou  are  two  in  number:  Ist.  The  angle  of  reflectiou 
is  equal  to  the  angle  of  incidence;  and  3d,  The 
plane  which  contains  the  incident  ray  aud  the  nor. 
mal  contains  also  the  reflected  ray.  Let  CO  (£\^ 
136)   bo   the    normal    to    the    reflecting    surface    liU\ 

AO  the  incident  and  OB  the 
reflected  ray.  Then  the  anglt* 
AOC  is  called  the  incident 
angle  and  HOC  the  angle  of 
reflection.  The  first  Iaw»  which 
asserts  the  equality  of  these 
angles,  must  be  true  kiueticall}' ; 
Fio.  »3o.  since  if  we  resolve  AO  into  tw* 

components,  one  parallel  and  the  other  perpendicuUr 
to  the  surface,  we  see  tliat  it  is  the  latter  only  which  u* 
affected  ;  and  further  that,  for  perfect  elasticity  in  the 
medium,  this  is  completely  reversed  ;    whence  the  ra- 
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lected  my  is  the  reKultaiit  of  the  original  coniponeut 
OH  i\ui\  of  the  reverse*]  component  along  OC  \  and 
■  jueutlj  the  angle  BOC  i8  equal  to  AOC,  Again, 
unce  the  incident  ray  AO  lieH  wholly  in  the  plane  con- 
'ftaining  the  norma],  i.e.,  the  plane  of  the  paper,  it  has 
no  cuiuponent  iu  a  perjieudicular  plane ;  hence  tho 
TeBultiint  OB  will  have  no  such  component  and  will 
therefore  lie  in  the  same  plane. 

A  similar  proof  may  be  given  by  considering  the 
wave-front.  Let  a  beam  of  radiant  energy  AOO'A' 
(Fig.  137)  be  incident  upon  a  reflecting  surface  BR' ; 
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tlien  FO  ^dll  be  the  wave-front.  After  the  ray  A  has 
reached  tJie  point  0  an  interval  of  time  will  elapse 
before  the  ray  A'  reaches  0'.  During  this  time,  the  ray 
A  reflecti'd  at  0  and  triiveliiig  with  tlie  same  speed  as 
before,  will  have  passed  over  a  distance  OF'  equal  to 
Uie  distance  F0\  8o  that  if  we  draw  a  lino  F'0\  this 
will  represent  the  new  wave-front  at  the  instiint  the  ray 
A'  reaches  0\  Lines  perpendicular  to  F'O'  drawn 
thrnugh  O  and  (^  represent  the  reflected  beam.  Since 
ill  the  triangles  OFO'  and  OF'O'  the  side  00'  is  com- 
rooti,  the  angles  at  F  and  F'  are  right  angles,  and  tlie 
aide  FO'  is  equal  to  F'Oy  the  triangles  are  themselves 
equal  au<l  the  angle  FO'O  is  equal  U)  F'OO',  Heuce 
the  ungh*s  of  iacid(*nce  and  retlt'ctioii,  whicli  are  the 
complements  of  these  angles,  are  also  equal. 

ExperiniHiitally  the  law  of  reflection  may  be  proved 
thuA:  l\v  means  of  a  tlieodolite  measure  the  angle  SOC 
which  tlie  direct  ray  80  (Fig.  138)  from  a  star  makes 
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with  thf*  liorizoTital  CO,  as  compared  with  the  angle 
HOC  which  n  punillel  ruv  S'U  rerfeoteil  froiu  b  surface 
of  mercury  rtt  R  luaken  with  CO.  These  ungles  will  br 
found  to  be  equal.     Hoace  their  coiupletiients  VRO^sA 


KlO.  ISH. 

CDO  are  equal;  uud  because  jS'^/>  is  altertiAie  with 
RDO,  and  is  equal  to  it,  the  augle  of  reflection  OBD  k 
equal  to  the  an^le  ol  ineideuce  SR'D.  A  mercury  sur- 
face thus  u»ed  is  often  called  an  artificial  horizon. 

378.  Law  of  Ferniat. — In  pasHiu^  directly  from  oue 
point  U>  another,  liglit  passes  in  a  straight  line  and  tlien* 
fore  pursues  the  shortest  coarbe.  Pttdeniy  is  wu<I  ti» 
have  discovered  the  fact  that  in  reflection  from  a  planr 
surface  the  Hue  formed  l»y  the  incident  and  reflected 
rays  is  shorter  than  any  other  bent  line  having  the  s»me 
extremities  and  having  its  jKiint  of  bendiug  on  the 
mirror;  a  fact  which  follows  from  the  geoiuetricnl 
theorem  that  of  all  triangles  having  tlie  sniue  base  ami 
equal  areas,  that  which  is  isosceles  has  the  miuimum 
perimeter.  In  1607,  Fermat  enunciated  the  opiuiuD, 
based  on  a  cosmoh)gicaI  necessity  arising  from  llio 
simplicity  of  the  universe,  that  in  all  cases  light 
the  course  which  it  cau  traverse  in  the  shortest 
This  statemeiit,  whidi  is  kno\^'ti  as  Fermat's 
I'vidently  trne  for  reflection,  since  the  shortest  con 
tnxversed  in  the  least  time.     We  shall  see  tliat  it  is 
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^hjRo  ft>r  r*'fruction.  Ah  inn*lirt*^(I  b^-  Miinpertuis,  Euler, 
x^thI  Ljigran^f*,  it  countitut^H  the  eelebruted  law  of  least 
«fc.ctio]i  whicli  lias  played  ho  impdrtaut  u  purt  iu  nil  subse- 
-«:|nent  invpHtigations  in  Trmtheinatical  j>lty8icH. 

37t*.  lU'flection  iVoiii  l*lano  Surrac(*H. — Mirrors. — 
IFrajw  Cbese  two  laws,  the  conditiotis  of  formation  of 
in»ages  iu  platio  or  curvod  uiirrors  can  readily  be 
-«le4lac<»d.     Let  AB  (Fig.  13Uj  be  a  plane  reflecting  sur- 
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face  upon  which  a  ray  from  a  point  at  8  is  incident  at  0. 
By  tlw>  first  law  it  ^nll  be  reflected  to  i?,  the  rays  ^0 
and  SO  making  equal  aii^Ien  with  the  Udi'uial  at  0.  But 
the  eye  sees  iin  <»bject  always  in  the  direction  of  the  raj* 
whioh  enters  it ;  and  will  therefore  see  tlie  object  S  at  S'y 
in  the  direction  UO  prohmged  ;  i.e.,  as  much  belnud  the 
mirror  as  the  object  itself  is  in  front  of  it  and  xipon  a 
per|)endicalar  let  fall  fn)ni  the  object  upon  the  mirror 
prolonged.  The  ray  will  therefore  appear  to  come  from 
a  point  S'  as  much  behind  the  mirror  as  the  object 
itAelf  is  in  front  of  it  To  prove  this  let  a  second  ray 
SO' R'  be  incident  on  the  surface  of  the  mirror  at  0', 
The  triangles  SOO'  and  SCO'  have  the  »uigles  at  O' 
equal,  since  they  are  both  equal  to  AO'H',  They  also 
hmvo  the  angles  at  0  equal,  since  each  is  the  supplement 
of  HOA.  Moreover,  the  side  00'  is  common.  Hence 
Ikese  triangles  are  equal  and  the  side  SO  is  eqnal  to 
SO,     Since    the    triangles    SOC   and  S'OC  have    the 


angles  80C  and  S'OC  respectively  equal,  both  being 
eqaul  to  AOIi,  iiutl  Hiuce  the  side  SO  =  S'O  and  tke 
side  VO  is  coiumou,  they  are  equal  and  therefore  tLe 
side  CS'  is  equal  to  C^  aud  the  angle  OCS'  =  OCS 
=  90°. 

If  insteail  of  a  point  an  object  be  taken  snch  as  ui 
arrow,  for  example,  the  construction  is  the  same,  using 
the  two  extrerue  points  as  sufficient  Let  fall  a  per- 
pendicular upon  the  mii-ror  HR'  (Fig.  140)  from  each  ul 
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the  points  A  and  B,  continuing  them  till  the  distancf* 
below  the  mirror  is  the  same  as  that  to  the  correspond- 
ing  point  above.  The  image  A'B'  is  obtained  by  cod- 
uecting  these  points,  as  Khown  in  the  figure.  Froiu  J 
and  B  let  fall  tlie  raya  AO'  and  BO,  inoiilent  upon  tJi' 
mirror  at  O'  and  O,  respectively.  Draw  through  the^- 
points  the  lines  OB*  and  CA' ;  they  represent  the  niyv 
entering  the  eye  at  O.  In  this  case  A'B'  is  called  lb« 
ima^  of  A  Ft  It  in  of  the  same  size  as  the  object,  is 
symmetrical  with  it,  it  is  reversed  in  position  thongh 
not  inverted,  aud  being  behind  the  mirror  is  &  virtual 
image. 

380.  Eft>ct  of  Angular  Motion  of  Mirror.— Let  u 
ray  A(i  be  incident  perpendicularly  upon  a  reflectiDg 
surface  RN'  (Fig,  141).  The  incident  angle  being  zero, 
the   reflecting  angle  is  also  zero  and    the  ray  retqn» 
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021J5  its  previous  path,  as  shown  iu  the  upper  figure, 
et  the  mirror  be  uow  rotuted  furty-tive  degrees  about 
I  axis  through  the  point  of  incideuee.  The  incident 
»y  will  uow  be  redected  to  B  through  a  right  angle,  as 
showu  in  the  lower  figure  ;  since  BaN  is  equal  to  AaNt 


Fio    Ul, 

by  the  law  of  reflection.  The  mirror  has  turned  through 
AaN  or  45°  by  hypothesis  ;  and  the  ray  lias  turned 
through  AnN  plus  BoN^t  Le.f  through  2AaN,  ov  90". 
The  angular  motion  of  the  ray  is  therefore  double  that 
of  the  mirror.  This  principle  is  illuntrated  iu  the  sex- 
tant, in  the  goniometer,  iu  the  heliostat,  aud  iu  reflectiug 
instruments  generally. 

381-  Multiple  Mirrors. — Two  cases  are  here  to  be 
considered,  one  where  the  mirrors  are  parallel,  the  other 
where  they  are  inclined  to  one  another.  In  the  first 
cane  let  a  luminous  point  A  (Fig.  142)  send  two  rays  to 
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the  two  parallel  mirrors  BR'  and  SS\  incident  on  these 
mirrors  at  the  points  O  and  O'.     To  the  eye  placed  at 
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B  there  will   be    two    images  a  and  a\  tbe  diftiaai 

between   them  being  twice  the 

(liHtance  separatiu*;  the  mirroiH. 

For  Aa  is  twice  Ab\  and  Ao!  is 

twice  Ah\     Hence  An  -|-  Aa*  or 

n*j,'  is  twice  Ah  -\-  ^16',  or  U>\  the 

distuuce    between   the   mirrora. 

lu  Fig.  143  ^a  is  twice  Ah  and 

A  a     is    twicR    A  h'    as    before. 

Hence  An  —  An^  or  ««',  is  twice 

Ah'  —  ^6,  or  bh' ;  the  same  re- 

snlt. 

If  the  mirrors  are  inclined  to 
each  other,  similar  constructions 
may  be  made.  In  the  tirst  ]>luce, 
suppose  the  angle  between  the  mirrors  to  he  a;  reqnin?J 
the  change  in  the  direction  of  tlie  ray  after  reflectioa 
from  both  successively.  Let  a  raj  from  a  luminous 
point  A  (Fig.  144)  be  incident  on  the  mirror  SB'  at  Q^ 
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and  be  reflected  to  O'  on  tlie  mirror  RE\  and 
reflecte<l   to  the  eye  at  B.     Originally'  the  objet 
peared  in  the  direction  BA  ;   it  now  appears  at  // 
direction  having  changed  through  the  angle  ABf^  which 
we  may  call   tf.     The  angle  ti,  exterior  to  the  trial 
CO'O^  is  evidently  equal  to  «  +  r ;  whence  a  =  u 
So  the  angles  n  -\-  r,  exterior  to  the  triangle  BCD. 
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«qual  to  2v  +  tf ;  whence  <y  =  «  -f-  x  —  2r.  But  x  —  p, 
being  opposite ;  and  p  =  «,  by  the  hiw  of  retlection  ; 
whence  x  —  u  and  6  =  2«  —  2t?.  But  «  =  «  —  v ;  hence 
rf  =  2flr ;  or  the  deviation  of  the  ray  is  twice  the  angle 
between  the  mirrors. 

Afjain,  suppose  the  mirrors  to  be  at  right  angles  and 
the  sonrce  of  ligiit  to  bo  between 
theui.  Let  HW  and  SS'  (Fig. 
145)  l>e  the  mirrors,  and  A  the 
laniinouB  point.  By  the  method 
given  above,  the  image  A  in  RR' 
irill  be  at  a,  and  the  image  in  SS ' 
at  a\  By  a  third  retlection  from 
both  mirrors,  a  third  image  will 
be  produced  at  q'\  these  three 
images  and  tbe  object  lieing  sym- 
metrically placed  with  reference 
to  the   mirrors.     If  the  mirrors 
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are  inclined  at  an  angle  of 
60"  (Fig.  146)  there  will  be 
fire  images ;  and  in  any  case 
there  Avill  alwayH  be  n  —  1 
images,  where  n  is  the  number 
of  times  the  angle  between 
the  mirrors  is  contained  in 
the  wliole  circumfereucn. 
Upon  this  principle  depend 
the  kaleidoscope  of  Sir  David 
Brewster  and   the  debuscope 
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of  Debus. 

382.  Amount  ul'  ReHect  ion— Rejecting   Power. — 

The  amount  of  radiation  reth-cttid  from  a  surface  depends 
(1)  on  the  nature  of  the  reflecting  body,  (2)  on  the  state 
of  its  surface,  and  (3)  upon  the  angle  of  incidence.  As  an 
illustration  of  the  effect  of  the  reflecting  material,  it  may 
be  »hown  that  of  light  incident  normally,  wiiter  reflects 
l\),  plate  glass  ^,  crown  glass  q^,  and  tlint  glass  abtmt 
Vr  Opake  bodies  have  a  much  higher  reflecting  power ; 
thus  mercury  reflects  {  and  speculum  metal  |  of  the  in- 
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oideiit  light.     Eriileutly  the  lourt*  hij^hly   jiolislied  tt 
hnrfuce  the  higher  its  redectiu^  power.     But  uo  aitificll 
Hiii'faee  can  equal  the  uatural  sui-face  iu  reflecting  powi 
The  nuiouutof  rettection  increases  with  the  iut-identaugli 
Thus  water,  which  redects  onlv  0018  per  cent  ftf  l1 
incident  light  falling   n\wn  its  surface  perpemliculai 
niitl  oulj  0^19  at  an  incident  au^le  of  30°,  rttttetts  (t-02 
per   cent  at  50%  0  145  at  70%  0-333  at  80%  0-503  at  Hn 
and  0-639  per  cent  at  88%     Glass,  which  at  0°  incidei 
reflects  only  0O43  per  cent,  reflects  at   SS"",  0-819 
ceni     Fresnel  frnni  theoretical  cni»siderations  haw  givi 
the  following  equation  representing  the  ratio  of  the 
fleeted  radiation  /'  to  the  incident  radiation  /  for  gh 
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In  tliis  equation  t  and  r  are  the  incident  and  reflectioi 
angles. 

The  measurement  of  reflecting  power  is  made 
placing  the  reflecting  surface  in  line  with  the  radiatia 
and  receiving  the  reflected  l)eaTn  upon  a  phntomel 
disk,  or  upon  a  bolometer  or  thermopile,  placed  upou  an 
arm  moving  about  the  support  of  the  reflector  oa  ;« 
center.  In  the  absence  of  any  reflecting  body,  this  arm 
is  in  line  with  the  nidiation  and  measures  it  tlirectly. 
The  ratio  of  the  reflected  energj'  t^^  the  direct  energy  i» 
the  reflecting  power. 

JI83.  I>ia*iisioii  of  Radintloii. — Besides  regular  or 
specular  reflection,  railiatiou  may  be  irregularly  reflected 
or  scatteretL  It  is  then  said  to  be  diifufted.  It  is  by  diJ» 
fused  light  that  we  see  non-hnninouK  objects,  siuoe  a 
perfectly  reflecting  surface  is  itself  invisible.  Diflfusion 
is  therefore  due  to  roughness  of  surface,  the  irregularly 
reflected  rays  not  forming  an  image.  Moreover  diiTuKiim 
may  be  selective.  A  red  ribbon  in  the  red  of  the  spec- 
trum is  roost  brilliant,  while  it  is  blsck  in  tlie  green 
region.     By  means  t)f  his  thermo-galvauoraeter  MelloDi 
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liowetl  that  iliffuHioD  both  geueTal  and  Belective  exists 
iso  for  ijon-luiuiiious  r.LtliHtiims. 

US4.  Keflection   rriiiii  Curvoil   Siirt*aci*M. — A  curved 

edectiug  surface  is  saiil  to  ]»e  convex  if  tlie  radiatiijns  fall 

>ii  t)ie  side  opposite  to  its  center  of  curvature  ;  concave, 

f  u|M>ii  the  same  side.     Curved  miri'ors  are  in  general 

tphf^rical,  although  paniholic  and  cylindrical  luirnns  are 

nfietl  for  sjiecial  purposes.     The  center  of  oarvatore  of  a 

KKiirror  is  the  center  of  the  sphere  of  which  it  is  a  seg- 

ent ;  the  center  of  figure  is  the  center  of  the  mirror  itself. 

'he  field  of  the  mirror  is  the  angle  included  between  two 

.dii  drawn  to  the  extremities  of  one  of  its  diameters. 

n  uuB  IS  nuy  Hue  passing  thnnigh  the  center  of  curva- 

nre  and  incident  upon  the  mirror.     The  principal  axis  is 

kn  axis  pashiug  also  thrf>ugh  the  center  of  tigure  of  the 

irror.     The  other  axes  are  called   secondary  axes.      A 

»Iaue  containing  the  principal  axis  is  called  a  principal 

tction.     If  rays  yia  mid  Jih  (Fig.  147)  parallel  to  the 

riiicipal  axis  fall  upon  a  concave  mirror,  they  will  be 

fcflectt'd  so  as  to  interKect  that  axi.satthe  point  /',  which 

Ethe  focus  for  parallel  rays  or  the  principal  focat. 
adius  is  normal  to  a  spherical  surface  and  since 

}  is  the  center  of  curvature,  the  path  of  the  reflected  ray 
obtAined  simply  by  making  the  angle  of  reflection /b^? 
qasl  tr»  the  angle  of  incidence  Aa  O.  In  the  triangle  FOa^ 
^0,0a  ::mu  OaF:  sin  OFa.  But  sin  OFa  =  sin  aFC= 
in  2i ;  since  the  angle  (/ftF  is  equal  to  the  angle  OaA 
ry  the  law  of  reflection,  and  the  angle  aFC  is  equal  to 
i<tF,  lieing  alternate.     Hence  FO  =  7?  (sin  t/sin  2t), 
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Ah  tlie  upprture  of  the  mirror — iti  tLitj  caae  the  uglp 
aOf» — ^j^rows  .siuuller,  the  angle  of  iuciileiice,  which  i« 
half  that  augle,  decreases  also.  lu  coiiHe<|uenc« 
angle  of  rt^Hcetiou  will  ileureaHa  autl  the  ])oiDt  F' 
move  out  t<»w'rtnl  O.  The  limitiug  p<>»itiou  of 
reached  when  the  Incident  angle  18  iudefiuitely  small. 
In  this  case  we  may  write  the  arc  for  the  eLue,  acid  tt» 
ahove  ex|*ressit)U  becouics  FO  ^  li*{i/2i)  ^z^J^  =z  fC 
In  other  wonis,  the  |}riuci{»al  focal  tlistaiice  of  a  conciT« 
mirror  of  small  aperture  is  one  half  its  radia<i  of  eor- 
vature. 

llt^«%,  (*<>iijii|;ute  Po<*l.— Id  ortler  that  the  rars  ind^| 
deut  upon  the  mirror  nhall  be  parallel  they  mastoond 
from  an  object  at  an  indetiuite  dlHttUice.     Sujiptme  dov 
(Fig.  148)  the  two  mya  Aa  aud  ^6  come  from  a  poiot  .1  o& 
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the  principal  axis  at  a  finite  distance  from  the  mirror. 
Evidently  the  angle  of  incidence  AuO  being  less  than 
before,  the  angle  of  reflection  faO  will  l:»e  les8  al<u>.  mA] 
the  point  of  intersection  of  the  reflected  rays  /  will  W^ 
nearer  the  center  of  curvature.  O.     Since  the  radiun  (M\ 
bisects  the  angle  An/\  we  have  An  :fa  ::  AO  :  /O, 
the  aperture  of  the  mirror  is  small,  we  may  writ<*  --iCfr 
Aa,  and  fCior  fa.     If  we  represent  AC  by/,  aud  fC  bi 
/',  r  being  the  radius  Oa,  we  have  AO  \  f O:\AC  :/€ 
f-r  :r-f::f:f\     Wheme/'r  •\-/r  =  2//.     Divi<l 
ing  hyjyr,  we  obtain 
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the  usual  form  of  the  expresHiou.  lu  words  it  sluteH 
-.(•  ijtiy  thjit  the  sniii  of  tljn  reciprnt'als  of  the  ooiijufjiite 
l>  <•  -tl  distauoe^  is  equul  to  the  reciprocal  of  the  ]>riucip]il 
focal  ilintance ;  ftince  2/r  =  \/F,  bh  han  li(*eu  Khnwn 
:i I "•>«-.  The  iHstauces  A C  i\xm\  fC  or  /  and  /'  are  culled 
Loujugate  focal  distanoeff  becaiiue  of  tlieir  mutual  depend- 
ence.    Thus   if  we    put  the  above  equation   into   the 


foriti     f  = 


we  see  that  when  /'  is  equal  to  ^r^ 


2-1-// 

Le.,  wheu  the  inner  enujugate  focus  coucides  with  the 
principal  focus,  the  deuomiiiator  of  the  fraction  is  0  and 
/  has  All  intinite  value  ;  the  iucideut  rays  are  parallel. 
Asy^  increases/  diminisheH,  becoming  equal  to  r  when 
/'  is  also  equal  to  r.    Both  the  iucideut  and  the  reflected 
raja  now  pasb  idoug  the  uorinal.     Ah/'  coutinues  to  iu- 
crease,  the  two  conjugate  foci  change    places,  f  being 
aow  greater  and/ smaller  than  r,  until  when/ reaches 
the  value  ^r,  /'   is  indetiuitelj   distant.     These  conju- 
gate f<HM,  like  the  principal  focus,  are  called  real  foci, 
since  they  are  formed  by  the  intersection  of  the  reflected 
[raVH    themselves    and  can   evidently  be  received  on  a 
IM^reeu. 

)A4I.  Virtual  Foci  of  Concave  Mirrors.  —  Suppose 
Uie  distance  represented  by/ should  continue  to  diminish 
after  it  has  reached  the  value  ir.     Evidently  the  rays 
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from  this  focus  would  diverge  after  reflection,  since  the 
Angle  of  incidence  would  be  greater  than  is  required  for 
parallel  rays.     There  cau  now  of  course  be  no  focus  oo&* 
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jugate  to/  in  front  of  the  mirror.  But  hy  prolonging  ^9 
rertecte*!  niys  backwurd  (Fig.  149)  these  produrtid  raj* 
will  be  found  to  intersect  on  the  principal  axis  at/. 
Snch  a  foouB  is  called  a  virtual  focns  since  it  is  vhollj 
Mubjectire,  being  formed  by  the  projection  of  the  mw 
by  the  eye  Ui  a  point  behind  the  mirror.  The  point/ 
in  called  the  virtual  conjugate  focus  of  the  mirror.  8inc«i 
when  both  foci  are  on  the  same  side  of  the  mirror  a.s  the 
center  of  curvature,  their  distance**  from  the  mirror  Are 
all  reckoned  positive,  we  have  only  to  change  the  taRD 
of /^  to  adapt  the  general  formula  to  the  present  case. 

Making/'  negative  we  have  -  —  -  =  - 

/     /       ^ 
presaion  for  virtual  conjugate  foci  in  concave  mirrors. 

3H7.  Convex  Mirrors- — Since  all  rays  reflected  from 
a  convex  mirror  arc  divergent,  the  foci  of  such  mir^D^« 
are   always   virtual.     If  rays  Au  and  Bb  (Fig.  150)  be 


or  —- ,  as  the  ex- 
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incident  on  such  a  mirror,  they  are  reflected  to  a'  and  h'; 
and  these  reflected  rays  if  produced  backward  will  ap- 
pear to  intersect  the  principal  axis  produced  at  a  \ynni 
F'  behind  the  mirror.  The  point  F'  is  called  the  principal 
virtual  focus  of  the  convex  mirror.  As  the  Inminoos 
points  A  and  B  approach  or  recede  from  each  other, 
the  incident  angles  increase  or  diminish,  and  the  conju- 
gate focus  f  approaches  or  recedes  from  C  HTig,  151). 
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the  case  of  convex  mirrors  ^'and/'  are  both  negative; 
^md   the   general   formnla   becomes  —  —  —  =  — —  ;  or 

=  — ^  which  IB  preferable. 
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388.   Exporimciitnl    Prteriiiiiiation   of  Foci.  —  (1) 

The  radius  of  curvature  of  a  mirror  can  l>e  calculated  from 
the  value  of  its  versed  siue,  which  may  be  measured  di- 
rectly by  the  spberometer.  If  R  is  the  desired  radius,  r 
the  radius  of  the  spberometer,  and  h  the  versed  siue  meas- 
ured, the  iij^ure  (Fig.  li>2)  ^ves  R*  = 
r"-f  (R  -  hy  :  whence  R  =  (r*  +  ky2fi. 
(2)  A  beam  of  sunlight  consists  of 
nearly  parallel  rays.  By  placing  a 
concave  mirror  in  sunlight,  its  princi- 
pal focus  may  be  obtained  on  a  piece 
of  card ;  and  the  measured  distance 
of  the  card  from  the  mirror  is  the 
principal  focal  distances  Or  {3)  a  caudle-Hame  ma^'  be 
placed  in  front  of  the  mirror  and  moved  alouf^  the  axis 
until  tht*  tlarne  and  its  image  coincide.  Both  are  then 
at  the  center  of  curvature.  Again,  i4)  place  jl  candle- 
flame  at  a  known  distance/ from  the  mirror  and  on  its 
principal  axis,  and  measure  the  distance/'  betwetn  the 
conjugate  fficns  and  the  mirror.  Then  from  the  formula 
given  above  F=J/y(/+/^,     If  the  mirror  be  convex. 
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u.  pHrallol  beam  is  allowed  to  fall  on  it  through  hh  op«iK 

ill);;  in  a  screen.     The  scrt^eu  is  then  iiiov(^»l  hwht  uotil 

the  diuiucUT  of  thi*   rellected  diverRin^;   bourn  i»  tmw 

that  of  the  ori^ual  beaiu.     Then  we  have  the  pmoipkl 

virtnal  focus  of  the  mirror  e<{ual  to  the  distance  T' 

the  screen  and  the  mirror.     Since  in  all  civsps  tli 

I 

cipal  focal  distance  Ib  half  the  radius  of  curvature,  eitkci 
of  theHe  constants  may  be  determined  from  the  other. 

38S>.  Forniatiou  of  Iniii;;eH  in  3Iirrors. — Sine*?  SD 
object  may  be  regarded  simply  as  a  coUectioa  of  lumi- 
imns  points,  an  image  can  be  considered  simplr  as  tlie 
conjugate  foci  of  these  points.  The  image  of  each  of  iht 
])oiut8  of  the  object  is  on  the  same  secondary  axis  as  tlie 
point  itself.  Hence  to  construct  an  image  of  an  object 
after  reflection  in  a  mirror  it  is  necessary  only  t<t  t«kea 
sufficient  number  of  points  of  the  object,  to  draw  hoc«»d- 
dary  axes  through  each  of  these  points,  and  then  U^  let 
fall  upon  tlie  mirror  rays  parallel  to  the  principitl  axis. 
continuing  these  after  reflection,  through  the  j>ntii'ip«l 
focus,  till  tliey  intersect  the  secondary  axes  previonslj 
drawn.     Thus  let  the  object  be  un  arrow  AB  (Fig.  W). 
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Draw  the  secondary  axes  Ah  and  Ba,  The  image  of  A 
-will  be  on  Ah,  and  the  image  of  R  on  Ba.  Let  fnll  t^i^ 
parallel  rayn  An'  and  Bh'  on  the  mirror.  After  retltK- 
tion  they  will  intersect  the  axis  at  the  principal  focus  ^ 
and  Anally  cut  the  secondary  axes  at  A'  and  B,    8inw 
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;e  of  A  is  on  the  liue  Aa*FA\  as  well  us  ou  tbe 
itidAry  axin  Ah,  it  tuust  be  at  the  intersectiou  of  these 
^H  The  s»iiue  hoiiig  true  of  By  its  image  is  at  B', 
^^Bge  thns  foruicd  1>,v  ivtlectiou  iu  a  concave  mil- 
is  a  real  iiiiiL^e,  it  is  inverted  iu  poHitiou,  auil  is 
ller  than  the  object;  the  size  of  the  imuj;e  being  to 
of  tlie  object  evidently*  as  the  distance  k\{  tlie  f<»rmer 
[I  the  ctenter  ttf  curvature  is  to  tlie  distance  of  the 
Br. 

V^irtual  ima^^es  are  obtained  by  similar  constrnctionB. 
a  concave  mirror  let  AH  be  the  object  and  draw 

E'ary  axes  OA  and  OB  ^Fij^.  lo4),  pnidiiciug 
Flu.  l.M. 
nitely  on  tlie  other  side  of  the  mirror.  Draw 
Ltfae  jmiallel  rays  Aa  and  Bh^  which  after  reflection 
^wrsect  nt  the  principal  focus  /'.  Produce  these 
^DHckward  t<i  intersect  the  secondary  axes  at  the 
Qta  A'  and  B' .  The  image  will  be  A' B  .  Here  the 
ge  18  erect,  larger  than  the  object,  and  appears  to  be 
the  mirror. 


niirror  be  convex,  draw  tlie  secondary   axes 
i^H  (Fi<r.  155^  as  l>efore  and  let  fall  the  parallel 


432 


PHT8JC8. 


rajB  Aa  and  Bh  upon  the  mirror.  EvideutW  tlm  n- 
tlocted  ray8  will  Hppeur  to  intersect  at  the  virtual  jtrin- 
cipal  focuH  /",  But  before  they  intersect  tliey  cut  Uip 
lieeoiidary  axes  at  A'  and  B\  Henoe  the  image  SSf 
appears  behind  the  mirmr,  is  erect  and  is  smaller  tluui 
the  object.  If  the  object  is  farther  from  the  mirror  it 
CD^  the  image  is  smaller,  CD'.  Since  in  both  of  thev 
cases  the  image  and  object  form  the  base  of  a  l.i  : 
a  smtiller  isosceles  triangle  whose  sides  are  the  sf  > 
axes,  the  size  of  the  one  is  to  the  size  of  the  other  aa  the 
height  of  the  one  triangle  is  to  that  of  tlie  other. 

31>0.  Spherical  Aberration  of  Mirrors,— C«iii*tic».— 
As  we  have  seen,  when  a  number  of  parallel  ray:^  fHlloo 
a  concave  surface,  the  reflected  rays  intersect  the  princi- 
pal axis  at  points  which  are  more  and  more  distnut  from 
the   mirror,  iu  proportion  as  the  incidence-points  aiv 


Fio.  IW. 

nearer  this  axis.  Hence  the  intersections  of  these  ray* 
with  each  other  form  a  peculiar  curve  known  as  a  caua- 
tic.  The  figure  (Fig.  156}  shows  the  form  of  caosUn 
produced  by  rays  parallel  to  the  principal  axis. 

To  trace  it,  dravr  a  scuii-ctrciimference  within  th«T  liembph^ncftl 
uiirror  (Fig.  157).  \a'\.  h  my  A  fall  on  thft  mirror  at  a  pAr/tlM  to 
the  principal  axis,  and  join  aO.  Upon  ad  its  dinmolor  descrilie 
circle.  Its  radniH  O'd  will  be  one  half  »>f  <-ki.  Sine**  rO'ii  =  'lead  =■ 
^AaO  =  2aOF  ivwd  since  1'kl  =  20'tl.  ihc  arc  Fd  must  L»qual  Th«  nn 
td.  If,  consequently,  wo  suppose  the  circh*  aed  to  roll  ui>onl-he  cir* 
cle  Fd,  the  point  *;  being  (iriginally  at  f,  thirt  p<iint  e  wil!  lr»e©  ou4 
the  cpioycloitial  curve  MeFoti  one  side  aiid  FN  on  the  other  of  tlM 
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.auiis,  the  ousp  bt'ing  at  /?.    A-s  the  augle  a«/  is  a  right  angle,  //«  is 

.flUwAys  perpendicular  to  th(^  pMth 

<»f  the    moving    t^iiitt  ;    nnd  the 

Ti-flectr«l  n*y  n^  which  is  perpen- 

ular  ;ilwaysio  de.  must  nlwnys 

■     tungptii  to  th«  curve  which  is 

the  lootte  of  the  moving  point ; 

it*.,  to  the  epicycloidal  cnuHitc. 

All  such   pamllel   rays  reflected 

Itum  tlie   mirror  are  tangent  to 

Ibis  cupp-e-     If  the  radiant  \yo\\\X 

be  within  the  circle  of  which  the 

trfletiing  mirror  is  a  segment, 

the  eaustic  curve  is  fltill  an  epi- 
cycloid, of  the   form  known   us 

the  c«rdioid. 

This  caustic  curve  is  well  seen  by  placing  a  steel 
•^^81  polished  interiorly,  upon  a  white  paper  in  suulif^bt. 
riie  Hpi>earauce  of  this  curve  in  milk.  <*au8ed  by  tlie 
Tetieotion  from  the  walls  of  tbe  vessel,  is  sometimes 
CHlled  the  cuw'ft  foot  in  tbe  milk. 

In  tbe  fnrniatinu  of  images  in  spherical  mirrors,  tbe 

tiou-tToinc'idence  of  foci  produced  by  rays  reflected  from 

lifferent  zones  of  the  surface  is  a  source  of  indifitinct- 

K^HH.     Not  only  are  raya  from  tlie  same  point  of  tlie 

idijecl  reflected  to  different  positions  accordinj^  to  tbe 

part  of  tlie  mirror  on  wbicii  they  fall,  but  rays  from  dif- 

Ifnrent  poiuta  of  tbe  object  are  reilected  ^^  tbe  saiue  focun. 

^Tbis  iudiHtinctneHS  of  tbe  image  18  dne  to  what  is  called 

tbe  spherical  aberration  of  tbe  mirror,  tbe  disttmce  meas- 

nnnl  along  tbe  principal  axis^  between  the  inner  and  tlie 

jnater  principal  foci,  being  called  tbe  longitudinal  spberi- 

al>errHtion.     Since  tbe  two  converging  c(»ncK  of  re- 

l4^rii?d  rays  intersect  jdong  tbis  disiiince,  there  is  a  point 

here  tbe  circle  of  iuteisectiou  is  a  minimum.     Tbis  ia 

trjklletl  tbe  circle  of  least  confusion,  and  its  radius,  tbe  lateral 

«j>herii-al  al»erration. 

tBy  absorbing  the  luminous  rays  of  tbe  electric  arc 
a  anlntioD  of  iodine  in  carbon  disnlpbide»  Tyudall 
I  Mbown  not  i>nly  that  n*>u-luminons  rays  may  also  be 
lectinl  t^»  II  focuH,  but  also  that  tbey  may  form  images. 
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At  the  outer  foouB  of  a  conoave  mirror,  thene  m 
ubHorbed  hy  blftckened  platiuuui  heated  this  pluttrmm 
to  redueHs  auJ  produced  an  image  of  the  carbon  jiuutli 
placed  ut  the  inner  focus.  This  production  of  luuiiuou^ 
from  non-lununouH  radiations  of  greater  wavedeugfii 
\\^.  has  called  oalorescence. 

It  is  a  property  of  the  parabola  that  a  line  dran 
from  tlie  focus  to  any  point  of  the  curve,  and  a  line 
drawii  from  tliis  point  parallel  to  its  axis,  make  «qiul 
augleH  with  a  tangent  to  the  curve  at  the  point  of  b 
cideuce.  Hence  all  the  raya  from  a  himinous  j"'Uil 
placed  at  the  focus  are  reflected  Mtrictly  parallel  to  tin 
axis  and  to  each  other.  The  reflectors  nse<i  in  light- 
house illumination,  and  the  specula  of  reHectiuK  t'^- 
scojies,  are  ]»arabolic  in  form,  securing  in  thi*  latter  i»m' 
a  sharp  image,  free  from  the  defects  due  to  spherial 
nljerration. 

f    C. — REFRACnOK. 

391.  RelVaetioii  of  Hoinogeucoiis  Radiatiiin.— llf- 

fraction  is  the  change  iu  direction  which  takes  pl*w 
when  radiation  passes  from  one  homogeneous  mefliam  I" 
another.  It  is  usual  to  discuss  refraction  (1}  under  lli' 
condition  that  the  radiation  is  itself  homof^eueoutt,  U^ 
cont^iius  but  one  wave-frequency  ;  and  (2)  under  tb<»  eoo- 
ditiou  that  it  is  more  or  less  complex  iu  this  re^poct. 

The  laws    of  refraction  »n^ 
two  in  number :    1st,   the  re- 
fracted ray  lies  iu  the  pUne 
containing  the  incident  ray 
M     and  the  normal  ;   and  2d,  tli? 
sine  of    tlie    incident    angU 
2^     bears  to  the  sine  of  the  anjtl^ 
~^     of  refraction    u    ruti<»  wLich 
^     is  constant  for  the  siinie  twfl 
~~~-     media.      Thus    (Fig.    158)  let 
the    ray   AO    iu    air  Im*    inci- 
dent upon  a  surface  of  water  RR\    A  portion  will  b« 
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mm;  y  of  .tnumi'  vwHATioN.-HAmAyr  enkho  r.  4:i5 

cted,  HH  we  hnvp  seen.  But  a  H*?ooml  portion  will 
er  th«   water,  siilferiug   at   the  boiiudiug  surface  a 

age  iu  ite  tlirectiou,  so  tlitit  it  uow  pusseK  on  to  B. 
e  uugle  AOy  ia  the  uugle  of  iuciileuce,  JK/N'  the 
plo  of  refraction ;   the  latter  angle  under  the  cirouiu- 

i<!*s  HujjjMwed  being  the  smaller.  The  angle  of 
nation  A'OB  in  evidently  the  difference  between  the 
gleft  A(^N  and  BoN\  Lay  off  on  AO  a  radiuH  On, 
il  on  IU>  an  p<inal  railius  Oh,  From  o  and  b  let  fall 
e  |»er]ieiidieulartt  (/;/  and  hn'  on  the  normal  NN\  These 
It's  repreneiit  the  HiueH  of  the  angles  of  incidence  an<l 
action  respectively,  calling  the  ratlii  unity;  and 
Bce  by  the  Heeoud  law  their  ratio  is  constant  for 
two  media,  namely  for  water  r33f»  or  roughly  J. 
/*i  rf'jiretseiits  a  length  of  three  uitits,  an  will  be  four 
li>ug  on  the  same  smle;  and  so  im  for  all  angles 
^ooe.  If  //  reju'eaent  thiH  ratio  for  a  vacuum 
»  given  medium,  wo  may  write  the  second  law  thuH  : 
J  i/rtin  r  =  /i ;  or  in  the  eqnivident  form  sin  i  =  /^  sin  r. 
piinr  if  ;^,  he  the  ratio  from  a  vacuum  to  a  second 
Nljum,  the  ratio  /^//i,  or  n  will  be  the  ratit*  from  the 
cimd  meilium  to  the  first.  This  ratio  of  the  sines  is 
Ued  the  index  of  refraction  for  the  two  media.  If  one 
these  me<lia  is  a  vacuum,  the  ratio  is  calleil  an  absolute 
lej:..sUi'lj  as  u  and  a^,  above.  The  ratio  of  two  absolute 
lioe«  is  of  course  a  relative  index, 
<^  the  w  above  given. 

Since  iu  the  diagram  annexed 
g.  I5f)>  sin  X  ■=  OM/A(^  and  sin 
-  OM/On.    (a«     OA  M  --^  A  ON 

\    ORM-  nON^  IiON\)  we    r  

y   write    OS'  ==n(OA);    and.   if   F" 
r  incident  angle  is  small,  MB'  =    I 
fA)    approximately.      Supposing  ^ 
\  ratnlia  t<»  Im>  air  and  water,  3fA    ^^^ 
nld    be    thrfH*  fourth.s  JfB'.     An     '-^ 
i  beneath  the  water  would  see  at 
'  ct  actually  at  .4,  one  third 

H»vp  thf  mirf-irf*     And  conversely,  an  eye  ai  A 
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would  see  an  object  wliich  is  actoallr  at  J7  iu  tht-  maIi-i, 
lit  Bome  poiut  A'  one  quarter  leas  ilee[). 

Tliis  change  of  direction  of  a  ray  at  tlje  hurfjitt;  vis- 
rating  two  niftdia  is  a  tlirect  result  of  a  tlian^e  of  ^(if^j 
at  this  Hurface.  Let  a  wave  whose  front  i£  ^>f  iF^ 
ICO)  be  incident  obliquely  upon  a  bounding  sarfnoe  A'Jf, 


AO  and  A'O'  will  be  the  normals  to  tliis  wave-front, Lt 
the  rayH.  "NVheu  the  ray  JO  has  reache<i  0,  tLe  niT 
A'(/'  \H  yet  at  F.  Ho  that  wliilo  this  ray  is  pnKninj;  from 
7'' to  0\  the  tiTOt  ray  bad  entered  the  Kecoiul  medium,  in 
which  by  hypotheHis  it  has  a  less  s]>epd,  hikI  has  ad- 
vanced to  F'.  Tims  the  new  waw.frout  is  O'F';^ 
iiormalH  to  this  repreneut  the  direction  of  the  rnvfl  aflct 
refraction.  Exfmiininjf  the  triaii^It^.s  OO' F  :\fn\  fyOF\ 
we  observe  that  tlie  iiugle  FOf/  is  t»qual  tu  the  incitlent 
anp;le,  and  0(y F'  t<j  the  refrnction-anj^le ;  and  lieuce, 
since  OO'  is  cnminon.  sin  / :  sinr  ::  Fo'  :  OF\  Ba 
Hin  i/sin  r  =  w,  the  index  of  refnvotion ;  and  F(//OF'= 
H/s^ov  the  ratio  of  the  Hpeeds  in  the  tn'o  luediu.  Tlieiu 
dex  of  refraction,  therefore,  is  simjily  Ihe  ratio  of  tbi 
Bpeed  of  pnq)aj^ation  of  tlu^  radiJition  in  one  niedima  t< 
that  in  the  other. 

The  direct  ]>roof  of  the  fact  that  the  spi'^^.l  o 
j^ation  is   less  in  proportion   as   the    medium    is   mor 
highly  refractive,  was  uiade  an  experiment itm  crwis  in  th 
earl}'  days  between  the  wave-theorvt  of  which  it  was 
necessar}'  resuU,  a\u\tVvceii\\ft*^iou-theory,  which  rcquirq 


vi 


'XJLi'tlv  lh»*  cuutrury.      This  |H<>i>f  \v;i6  luuilc  by  Fi)Ui.'Hnlt 

LU   tH&i  Uy  nieusuriug  the  rehitive  S2>efcitl  of  light  iu  wuter 
d.  in  !iir  lUiil  tindiug  it  less  in  the  water.     Micbelsou 
ti  1H83  iiiude  this  pxperinieiit  qiDintitative  Jind  ohtuiiie*! 
'•i30  {or  the  ratio  of  the  speeds  in    air  aud  water  and 

1*758  for  the  ratio  iu  air  aud  oarbuu  distilphide ;  theue 

Tuljif^H  heiug  very  closely  the  iudic**H  of  refraction  of  the 
me<liA  mt^utioued. 

In  the  above  cases  the  lower  inedinin  has  l>eeD  lia- 
**umod  as  the  optically  denser  uiediuiu  ;  i.e.,  the  more 
■lij^itly  refractive.  Uii*ler  tliis  condition  the  HUgl<3  <if 
l^^fmrtiim  is  less  than  tlie  incident  aii^le,  the  ra^*  being 
'efiacted  toward  the  nornml.  Obviously,  if  tlie  direction 
^^  the  ray  lie  reversed,  the  incident  an^^le  will  be  in  the 
^^nser  medium  and  the  refraction  will  be  from  the  nor- 
•■iaj.  It  is  usual  to  supposn  the  incidence  tt)  occur  iu 
^lie  less  highly  refractive  medium  ;  so  that  the  sine  of 
*h^  tucideut  ani^le  shall  be  the  lari^er,  aud  the  ratio  of 
tJiP  sines,  i.e.,  the  refractive  index,  shall  be  greater  than 
^tj'.  The  index  iu  the  other  directiou  is  of  course  the 
>i»cipriM'aI  of  this.  Tints  if  tlie  index  from  air  to  water 
it*  J,  lliat  frtun  water  t**  air  is  J. 

3«2.  Critical  .\nKl«'.-T»taI   Uetleetion. — Since    tlie 

angle  between  the  ray  and  the  normal  is  alwiiys  lar<;er 
ill  the  less  dense  medium,  it  is  pertinent  to  inc|uire  what 
will     take     place     when    this 

jtflltfle  llecomeHS)0^     Suppose 
fay  from  the  p«)int  Z/  (Fig. 

161)  within    the   denser   me- 
dium   to    be    incident   upon 

the  Nurface  at  ^A      It  will  l>e 

refracterl    to    A,   apparently 

AH  if  it  came    from  A',      As 

the  distJiuce   of  the   incident 

point  fn»m    M   lucreases  the 

nugle  of  emergence  increases, 

tin  til    at    some    point    such 

OB  (>,  this  angle  reaches  90'.     Then  the  emergent  ray 

nail  not  issue  from  the  medium,  but  will  pass  along  the 
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snrface.    If  iLe  ilifttance  of  the  iucidmi  point  Le  a» 

c*reaseil  to  f\,  the  my  from  J5cttu  uo  hjii^««r  enjti  •.  m! 
is  totally  reflected  back  into  the  niediiini  from  wium  ' 
vanie.  Or,  aince  sin  I'/sin  r  =  n,  if  the  augle  in  the  letf 
<h^nKe  merlinm  he  90"^  its  Hine  will  be  unity,  and  thp  ei- 
preHsion  becomes  sin  r  =  1/n.  The  ralue  of  the  *iugl» 
iu  the  o]>tically  deuHer  medium^  when  the  augle  iu  th? 
leKH  dense  medium  ih  1)0",  ih  called  the  critical  angle,  ^ine^ 
it  iM  the  limitiiig  augle  of  emergence.  As  the  Hi^uaiiMO 
r  =  Hiu~'l/n  Hhows,  the  oritieal  angle  is  the  angle  whose 
Kiue  in  the  reciprocal  of  the  refractive  index.  Iu  U» 
case  of  water,  for  exara))le,  J  sin  V  =  Rin  r.  Ami  a»  tli# 
maximum  value  which  sin  i  can  have  ia  unity,  the  luaxi* 
mum  value  of  8iu  r  is  |.  A  ray  cannot  pass  from  wat^r 
to  air  or  from  air  to  water  ho  as  to  make  witlv  the  U'*r- 
nial  to  the  surface  au  augle  in  the  denser  mediou 
greater  than  the  augle  whose  sine  is  | ;  i.e.,  tiie  cridcn) 
augle.  This  augle  is  48°  35';  and  therefore  the  eye  wbeu 
placed  at  B  a1>ove  can  see  through  the  surface  onh 
when  the  nxys  incident  xipou  the  surface  are  incluilfd 
within  a  cone  having  an  angle  of  97°  10'.  Outside  of  tliiil 
cone  there  will  Im*  a  surface  of  totjil  rnflection.  in  wliioli 
the  images  of  objects  at  the  l)oltom  will  he  visible. 
Since  under  these  circumstances  tlie  redectiou  ts  lotaL 
tlie  image  is  always  much  brighter  than  that  pi  ' 
by  simple  reflection  under  the.  must  favorable  con  kI. 
It  should  be  kept  iu  mind,  however,  that  total  reflection 
takes  place  only  when  the  incidence  is  within  the  more 
highly  refractive  medium. 

:j»:i.  CUiiistics  l»y  Uefraclioii. — Suppose  a  radiaut 
jK)int  Q  (Fig.  1*»*2)  in  au  optically  denser  medium.  The 
rays  issuing  from  it  will  be  refracted  from  the  perpeu- 
dicular  at  the  surface  of  the  rarer  medium,  the  emergeni 
angle  being  the  greater  as  the  point  of  incidence  ia 
farther  from  the  normal  Q.l ;  until  at  some  point  C  or  €' 
this  augle  becomes  the  critical  angle  and  no  radiatiou 
emerges.  Prolonging  the  refracted  rays  backward,  they 
will  be  seen  to  intersect  the  normal  QA  at  points  suc- 
cessively ne^arer   the   surface    as   the    emergent   eingla 
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inerw^jses.  The  iutersectious  of  these  prolouged  myn 
form  a  virtual  caustic  curve  which  is  the  evolute  of*an 
ellipfle  an<l  has  a  cusp  at  B ;  ho  that  an  eje  placed  at  A 


will  see  the  point  Q  at  /?.  such  that  OQ  =  n{OB).  This 
constractiou  ilhistnitr^.s  the  appareut  deformation  of 
objects  seen  under  wuter. 

:*t>4.  KofVaftioii  ill  Media  IumumIcU  by  Pliiiio  Parallel 
Hiirfn<M*H. — Since  the  index  nf  ivf  ruction  from  one  medium 
:i  U>  another  medium  B  is  the  reciprocal  of  that  from  B 
to  A,  it  follows  that  the  change 
of  dire<*tion  winch  a  ray  suffers 
ou  ©nt«>ring  the  second  medium 
from  the  first  is  exactiv  reversed 
on  emergence.  Thus  jet  ///?' 
(Fi>5.  Ifi^^)  be  a  portion  of  any 
transparent  medium  with  parah 
If]  Nides.  At  the  first  surface 
•w*»  liavi*  sin  ^1  ON  =  n .  sin  fiOO' ; 
-and  at  th©  second,  sin  OO'n*  — 
W'.sin  A'0'N\  IJnt  the  an^^Ies 
%0<y  and  OO'n  are  equal,  }H?ing 

4i]ternnU^.  Hence  aio  A'O'N'  is  equal  to  sin  AON,  the 
an^le  of  emergence  is  e(|ual  t(»  the  anj^le  of  incidence,  and 
the  emerj^ent  ray  is  jiurallel  to  tlie  incident  ray.  A  ray 
]iaKsiug  through  «nch  a  medium,  as  for  example  a  plate 
ttf  glaaff,  anffera  no  change  in  its  direction  hut  is  slightly 
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diHplaced  parallel  to  itself,  io  an  amount  (lep<>udingn[v« 
the  thiekuB»8  ttf  tlic  jneiliiua  and  the  angle  of  iuL'ulpme, 
:tU5.  KclVaf'tioii  in  Media  iNiiiiided  by  Plane  Ini'line^ 
SurfiicoH.— PrisiiiN. — If  the  plane  surfaces  bonndiDt^lhe 
trauspareut  medium  be  iucliued  to  each  other,  iLi* 
i'hauge  in  direction  of  the  ray,  i.e.,  its  deviation,  iiiHtra] 
of  being  defitroyed  at  the  second  surface,  is  still  furtler 
increased.  We  naay  detiue  a  prism  a»  a  portion  of  i 
transparent  medium  Ijounded  by  j>lanp  inclined  surfa4Tx 
The  line  along  which  these  surfaces  meet  is  cnlled  \h 
refracting  edge,  and  the  angle  between  them  the  refirutiB{ 
angle  of  the  prism.  The  .side  oppo.site  the  refraotiug'^di;' 
is  called  the  base  of  the  jirism,  and  luiy  section  thruugli 
it  perpendicular  to  this  edge  is  called  a  principal  sectiBB. 
Let  PQS  (Fig,  IW)  be  a  principal  section   of  an  ^40]- 

lateral  prism,  P  its  refract- 
ing edge,  and  SQ  its  hsux. 
Let  a  ray  AO  be  iucideot 
»»n  the  surface  PQ  nt  0. 
Draw  normals  at  O  and  0. 
At  O  the  refraction  will  W 
toward  the  normal,  sin  r  = 
n"'  sin  it  and  the  ray  wiUW 
refracted  to  O*.  Here  the 
second  refraction  tak«t 
place,  sin  A'O'N'—  n ,  sin  nyiP,  But  since  the  face  PS'\f^ 
inclined  to  PQ,  the  second  deviation  is  in  the  same  direc- 
tion as  the  first ;  i.e..  toward  the  base  of  the  priKtn 
Evidently  the  deviation  of  the  ray  at  tlie  first  surface  i 
AON—  iOO'y  or  <J  =  I  —  r ;  and  at  the  second  is  A' ON 
—  too,  or  6'  =  i'  —  r'.  The  total  deviation  is  the 
of  the  partial  deviations  ;or  ^  =6~\-  6'  =  {{ —  r)-f-(t"— r 
That  is,  the  total  deviation  in  the  figure,  or  tlie  angle 
tweeu  the  incident  and  emergentrays  Alfiov  J,  is  equal  U 
the  sum  of  the  partial  deviations  6  -f-  6'  or  100'  and  /<>  0 
HUice  the  exterior  angle  of  the  triangle  is  equal  to 
sum  of  the  two  interior  angles.  Moreover,  the  deviatio 
may  be  ol)taiued  in  terms  of  the  iudex  and  the  prism 
angle.     Since  d  =  {% -\- i')  —  {t -\- t")  hMd  or,  the   prtaiB 
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angle,  is  equiil  ttt  r  -\-  r\  the  deviation  J  =  {i  -\-  i')  —  a, 
if  ILl*  imniu  isj  tliin,  we  may  write  T  =  nr  aud  i"  =  nr' ; 
Trhenc©  i -|- 1' =  n(r -|- r')  or  na  ;  and  d  =  na  ~  a  or 
^n  —  l)flf ;  i.e.,  the  deviation  is  equal  to  the  prism-angle 
multiplied  by  the  index  less  one. 

•'{UK.  Mliitniiiin  lieviatioii. — In  the  last  figure  it  is 
evident  that  the  tot-al  deviation  will  be  the  same  whether 
the  ray  passes  through  the  j)risni  from  ^4  to  A'  or  from 
A'  to  Ay  the  same  angle  being  made  between  the  incident 
and  emergent  rays  in  either  case.  Sujipose  now  we  let 
tiie  incident  angle  i  increase  until  it  is  equal  to  the 
eniorgeut  angle  T,  This  wiJl  be  equivalent  simply  to 
reversing  the  direction  of  the  ray,  and  the  deviation  will 
Le  the  i^nie  as  before.  The  deviation  is  the  same,  con- 
8e«|Uently,  for  two  diflerent  angles  of  incidence.  During 
the  change  it  must  therefore  have  passed  through  a 
niAximnm  or  a  minimum  value,  corresponding  to  equal 
vnlues  of  these  angles;  i.e..  when  i  =  i\  This  result  is 
easily  verified  by  experiment ;  and  tlie  deviation  is  found 
to  be  H  minimum  when  the  ray  traverses  the  prism 
jmraltel  U*  its  base;  in  other  words,  when  the  incident 
and  eine>>^nt  angles  are  equal. 

;j»7.  Measurement  ol' the  Kefract I ve  Index. — When, 
therefore,  the  deviation  produced  by  a  prism  is  a  mini- 
mum, th*'  angles  formed  by  the  my  with  the  normals 
-vrithiu  the  prism   are  e<pial» 
AH  lire  also  tiie  angles  without 
it ;    i.e..    r  =  r'    and     i  =  «'. 
CoDMequently  we  njny  sim- 
plify the  formula  for  devia- 
tion     J  =(i-)-t")-(r-f  >•') 
bj   writing  it    ^  =  2r  —  2r. 
In   the   diagiMm    (Fig.    1<>5) 
we   see    that  the    angle  at  / 
formeil  by  the  two  nornmls 
is  for  that  reason  equal    to 
a^  the    angle    of    the    prism. 
th*»  triangle   OO't.M   is    equal 


Fm.  Ids. 


But,   being  exterior   to 
to   the  sum  of  the    twi» 
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Heno^  J  =  2f  —  a ;  and  t  =  i(  J  -j-  a).    By  the  forjnnk 
for  the  index  we  liave 


Bin  t      sin  i{J  -\-  a) 
~~  sin  r  ~       sin  ^a 


m 


To  determine  the  refractive  index  of  a  substauce,  there- 
(i)re,  it  is  necessary  only  to  nieiiHure  (1}  the  angle  a  ui 
the  prism  and  |2)  the  deviation-angle  J  when  this  alible 
luu4  its  minimum  value. 

These  angles  are  both  lueaaured  witli  the  spectrom- 
eter. ThiH  instrument  eousists  of  a  horizontal  dii-ided 
circle,  about  the  center  of  which  move  two  radial  arm* 
carrying  telescopes.  A  parallel  beam  of  li^^ht  from  ouc 
of  theae  telescopes  is  incident  upon  one  face  of  the  prism 
j)]aced  vertically  at  the  center  of  the  circle  and  \\hk\i '» 
Hu  adjusted  as  U»  reflect  the  beam  into  the  other  telescojw. 
The  position  of  the  prism  is  then  read  on  the  circle.  Tbe 
prism  is  now  turned  «»n  its  axis  until  the  same  beau  is 
retlect<Hl  into  the  telescope  from  the  second  face,  aud  a 
second  reading  is  taken.  Tbe  distance  through  which 
the  prism  has  been  turned  is  the  supplement  uf  a,  the 
angle  of  the  prism. 

To  measure  the  deviation  the  prism  is  adjusted  m 
that  the  homogeneous  beam  from  the  one  telescope  i& 
received  by  the  other  after  refraction  by  the  prism ;  this 
prism  being  previously  carefully  set  so  that  the  deriatiuu 
of  the  beam  is  the  least  pi>s8i}»le.  If  one  reading  !»« 
made  when  the  telescopes  are  in  line  and  the  angle  be- 
tween then»  zero,  and  a  second  when  the  deviated  beam 
]»asscs  through  them,  the  ditference  of  reading  is  J,  the 
angular  deviation.  TVhence  by  substitution  in  the  alio ve 
formula  the  index  may  be  calfulate<l. 

The  indices  of  liquids  and  gases  are  obtained  by 
enclosing  them  in  hollow  prisms  with  parallel  plates 
forming  the  sides,  the  same  formula  being  used  as  with 
solids.  In  the  case  of  gases,  the  index  is  so  small  that 
it  may  ordinarily  be  neglecteil. 
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?ho  indices  ^ven  in  tlir  following  table  were  obtained 

Kium  lif^ht  of  wave-length  '00058D  mm.  in  air : 
H    TABLK  OK   liEFUACTIVE   INDICES. 

vtt  glass  (soft) 2'o50  1*5146 

I"     (liglit) 2-866  1-5410 

«     (ordinary)...  3058  1-6224 

"     (verv  dense) .  4-421  1-7102 

fcaalt \ 1-5442  17° 

in(KCl) 1-4903  20° 

n 1-4560  21** 

noud 2-4700 

►r  spar. 1*4339 

>er  1-5320 

er....  1.000  1-3324  16" 

►hoi...  0-795  -1-3638  15° 

sr 0-716  1.3536  15° 

nm  disulphide . , 1  293  1-6442  0^ 

Bene 14!)75  10'5'' 

>rofQrm 1-526  14490  10° 

rogen 0-0()(H)89fi     1  0001 387        0° 

0'»H)14298     l-0fM)27(M>        0° 

0-0012932     1-0002923        0" 

dioxide 0-0019774     10004544        0* 

iiogen 0-002440       1  0008216       0° 

\y  employing  waves  of  low  vibration-frequency 
Ayu  and  Perry  found  for  ebonite  the  index  1*66. 
er,  u»ing  a  different  method,  obtained  the  value 
i  And  Rundt»  by  nsing  thin  layers,  has  deter- 
wl  tlie  index  of  silver  for  red  light  to  be  0-27,  of  gold 
,  of  copper  0*45,  of  platinum  1*76,  of  iron  1-81,  of 
el  217,  and  of  biHmuth  2-61. 
HMf.  OiinlUhm  ut'Kinertjreiiceln  PriHins. — Evidentl}' 

Fjtiot  emerge  from  a  prism  if  it  is  incident  upon 
nd  face  at  an  augle  greater  than  the  critical 
HN'e  may  inquire*  therefore,  what  are  the  cou- 
txns  of  emergtMJce.  In  the  figure  (Fig.  166)  the  angles 
■ri-«  =  180",  and   x+rt  =  180°,   since   the   angle 
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exierDHi  U\  x  in  equal  to  a,  Heuce  r-\-T' -{'Z^z-^-a^ 
aud  r  =  a  ^  r\  that  is,  the  au^le  nf  mcideuee  njMin  tU 
seofiuJ  surface  is  the  ditfoioucu  betwfeu  the  refnu'tiuf; 
angle  of  the  prism  aud  the  augle  of  refraction  at  the  fir>t 
»urfau6.     AVlieu  r'  =  y,  the  critical  angle,  the  eiuer^^eut 

ray  will  piiHS  aloui^tlie  futv 
of  the  pristn.     TIuh,  there- 
fore,     is      itH      maxiiuum 
value,  the  equation  hpcom- 
iag     r  =  a  ~  y,       if    iLif 
augle  of  the  prism  be  2>', 
then  r  =  2y  —  >•  or  ;^ ;  u^ 
when  the  angle  of  the  prisui 
is  twice  the  critical  angle, 
the  entering  ray  will  }t:iw 
along  one   face,  ti'averae  the  prinni  synimetrically,  nnJ 
emerge  along  the  ^ther  face.     If  the  augle  be  larger  thjui 
this«  no  emergence  will  be  possible,  the  ray  being  toiallr 
reflected  within  the  prism,     Jt  is  only  when  the  angle 
of  a  prism  is  less  than  twice  the  critical  augle,  there- 
fore, that  a  raj  can  pass  through  the   pnsm.    If  the 
angle  of  the  jirism  be  equal  to  the  critical  angle,  a  ray 
incident  j>erpeudicularly  on  the  first  surface  will  lue^t 
the  second  at  the  critical  augle.     All  rays  incident  on 
thf  prism  between  this  perpendicular  incidence  and  a 
parallel    incidence  will  traverse  the  prism.     Since  for 
crown  glass  of  index  1*5  the  critical  angle  is  41*  4B\ 
the  maximum  possible  angle  for  a  crown-glass  prism  i» 
83°  3G' ;   and  no  ray  can  traverse  a  crown-glass  prism 
whose  refracting  angle  is  90".     Twice  the  critical  augl» 
for  water,  however,  is  07°  10' ;  and  hence  a  water  prism 
of    90°    will    transmit  a    ray.      Moreoverj  since    sin  • 
=  n  sin  r  we  may  calculate  the  incidence  under  which 
transmission  is  possible,  for  a  given  prism-angle,  say  fiO". 
the  prism  being  of  crowTi  glass  of  index  I'o.     From  tlie 
equation  r  =  a  —  y  we  have  r  r=  60"  -  4r  48'  =  18"  12'. 
Whence  sin  i  is  equal  to  0*4685  and  the  angle  of  inci- 
dence is  *27°  50'.     That  is,  no  ray  can  ti'averse  a  crown- 
glass  prism  of  00"  except  those  making  an  angle  of  iuci- 
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tleuce  •^renter  tliau  27°  56'.  The  high  refniotivo  index 
of  the  iliiiinoDil  niakeH  its  critical  angle  small,  ouly  about 
2*1^  ;  coDsequentlj  inoHt  of  the  light  incideut  upon  it  ih 
interuiilly  reflected.     Hence  its  luilliancy. 

:MM>.  Al>»uliileIUM'rn<>live  Power.— On  the  hypothe- 

j*i»  that  in  a  Tacnuiu  the  deusity  uf  the  tether  is  unity, 

the  deusity  in  u  medium    of   refractive  index  //  is  /i' ; 

•iiiice  <y  varies  invernely  ac^  (speed)'  and  therefore  directlv 

t%A  /4".     The  difference  /4*  —  1  is  called  the  refractive  power, 

and  the  quotient  of  thin  by  the  density  or  (/<*  —  1)/'.^  the 

abftolate  refractive  power;  since  it  was  found  by  Biot  and 

Arago  to  be  constant  for  air  and  other  gases.     Gladstone 

aud  Dale  have  given  the  name  refractive  energy  to  the 

value  /^  —  1  ;  and  absolute  refractive  energy  U>  the  ipiotieut 

of  this  by  the  deusity,  or  (}i  —  !)/<?.     The  product  of  this 

vrilne  by  the  molecular  mass  is  called  the  molecolar  refrao- 

tire  energy.     It  is  found  U\  be  constant  for  ti»e  same  nub- 

stance.     Moreover,  its  value  may  be  calculated  from  tlie 

chaMuical  formula  of  an  orgnnic  substance  containing  car- 

htiu,  hydrogen,  and  oxygen  by  ujeans  *)f  the  empirical 

t^xpression  5a  -|-  1'3^-|-  3f',  in  which  ^f,  /*,  and  r  are  the 

number  of  atoms  of  these  three  elements  in  the  molecule. 

It  follows  from  this  that  isomeric  bodies  have  the  same 

refractive  energy. 

400..  Uel'raetloii  tliroiiijrii  Curved  8url'ii4.*es.— Ltfiises. 
— A  lens  is  any  portion  of  a  transparent  medium  bounded 
!>y  curved  surfaces.  These  limiting  curves  may  be  spheri- 
rnl,  elliptical,  parabolic,  or  cylindrical  in  form,  though 
tbfty  are  generally  spherical.  Lenses  are  divided  iut4> 
two  classes:  converging  lenses,  ^1,  B^  ffFig.  107).  thicker 
itt  the  center  than  at  the  edge  ;  and  diverging  lenses,  y>, 
E,  F^  xvhich  are  thinner  at  the  center.  If,  as  in  />,  E^  anil 
'F,  the  centers  of  curvature  of  the  two  surfaces  are  on 
opposite  sides  of  the  lens  and  are  distant  from  each  (tther 
by  a  quantity  greater  than  the  sum  (»f  the  radii,  the  lens 
is  a  concave  nne  ;  if  distant  by  a  less  tpiantity  than  this, 
«K  in  .1,  /i,  and  (.\m  convex  lens;  .1  being  double  convex 
and  yv  tiouble  concave.  If  one  of  the  centers  is  at  an 
ipdetinitely  great  ilistance,  the  correspondbig  surface  is 
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]>laiie)  and  tLe  lens  if)  either  plano-convex  B  orpluio*conctn 
E.  If  both  centers  are  ou  the  sauie  side  of  tho  h»nH  &iiii 
the  radii  are  of  diiferout  values,  the  le&s  is  said  to  U  a 
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meniscus;  a  converging  ineniHcufi  O'if  the  surface  of! 
curvature  is  farther  from  the  center  than  tlmt  of  grea: 
oun'atare  ;  and  a  diverging  meniscus  F  if  the  former 
less  distant. 

An  axis  is  any  Hue  drawn  through  the  optical  cen 
of  a  lens.  If  ^t  passes  through  the  center  of  cnrvat 
alf^o.  it  is  called  the  principal  axis:  if  not.  a  secondary  sxli 
The  optical  center  of  a  leus  is  a  pitiut  ou  itn  principa!  aiu. 
such  that  a  ray  whose  direction  within  the  leus  pa^fl^H 
through  this  center  suffers  no  augidar  deWatiou.  f^^ 
niay  readily  l>o  found  by  drawing  a  line  connecting  tbti 
ends  of  two  paralk>!  radii  until  it  interweoU  the  princl 
axis.     Thus  in  the  tigure  (Fig.  168)  C,a  is  the  radius 

the   outer   and    iJh   that 
the     inner     surface,    ih 
two    radii    being    par&lli 
Connect    their    ends 
the    line    ah   and    [irodu 
it  to   intersect    the    prijj 
pal  axis  at   O,     The   |)o 
O    is     tlie    oj)ticaI     cen 
of  tlie   lens,  and   a  ray 
whose   direction  ah  wit 
the    lens     passes     thro 
this  center,  is  refracted  al(»ng  hB  parallel  to  A*t^ 
suffers  no  change  in  its  directiou;  evidently  becsnse 
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»urfacf*s  at  the  extreiiiitieH  of  parAJlel  ruilii  are  parallel 
tttiigenUs.  Similar  coustructioDH  will  f>li(>>r  that  the  opti* 
cal  center  of  a  symmetrical  convex  or  concave  lens  like 
A  and  I)  above  (Fig,  167)  coincides  ^vith  its  geometrical 
center;  tiiat  for  the  pluno-lenses  li  and  E  the  optical 
center  lies  on  the  curved  surface  ;  and  that  it  lies  entirely 
without  the  lens  in  C  and  /',  being  on  the  convex  side  in 
the  former  case  and  on  the  concave  side  in  the  latter^ 

I  401.  Priiiripal  Focus  of  C<nivt»rjjiiig:  I^eiisoii. — A 
Jens  may  be  considered  as  made  up  of  au  iutiuite 
notuber  of  prisms,  the  faces  of  each  being  tangent 
planes  normal  to  the  radius  of  curvature.  Hence,  lis 
refraction  always  takes  place  toward  the  base  of  a 
prism,  the  deviation  in  a  lens  is  tohvard  that  portion  of  it 
which  is  thickest;  t<^jward  the  center  in  converging  and 
toward  tlae  edge  in  diverging  lenses.  Let  a  ray  Aa  (Fig. 
169)  be  incident  on  the  plane  face  of  a  plano-convex 
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Uiim  parallel  to  the  principal  axis  OF.  Since  this  inci- 
dence is  A  normal  incidence,  it  will  not  be  deviated  hut 
will  meet  the  second  surface  at  the  an;;le  (^i(A^  which 
we  may  call  t.  At  this  surface  it  will  suffer  refraction 
toward  the  axis ;  the  angle  of  emergence  //ao  or  r,  being 
ID  air.  is  of  course  larger  than  the  aii^le  of  incidence  /, 
ill  glass.  We  see  that  sin  r  —  n  sin  i ;  and,  since  J^nd  or 
ike  deviation  <5  i«  equal  to  ^oo  —  <>wf,  i.e.,  to  r  —  i^  and 
since,  further,  Be  =  «r/tau  6  an<l  fic  ^=  nO  s\n  i  =  r  sin  i, 
W6  have  BC=  r  sin  t/tan  6  for  the  value  of  the  princi- 
pal focal  distance.  As  the  angle  of  incidence  is  ma<le 
smaller  tliia  distance  HC  increases  ;  so  that  the  limiting 
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ralne  of  it  when  this  angle  is  indefinitely  Hmall  is  F€. 
When  the  aperture  of  the  leuH  is  tbu«  reduood,  h*'  v^^} 
consider  the  arc  aa  equal  either  to  the  nine  or  tan^i^ol 
and  may  write  FC=rt/6=iri/{r—t)=ri/{n%^i)=r/{n—l)i 
that  iH,  tlie  ])rincipal  focal  distance  of  a  |tlano-i*()iit« 
lena  in  equal  to  its  radius  uf  curvature  divided  br  it» 
index  of  refraction  leHS  one.  Suppose,  for  example,  the 
lens  to  be  made  of  crown  j^dans  of  index  1'5,  The  y^lufi 
of  r/{n  —  1)  is  then  r/(l-5  —  1)  or  r/Oo  =  2r ;  i.e.,  the 
principal  focal  length  is  twice  the  radius  of  ourvatnre. 

A  similar  discuHsion  in  the  case  of  a  double  vcm^^x 
leuH    will    show    that   the    principal    focal    distanct    \s 
v/2(n  —  1),  or  one  half  that  in  the  first  case  ;  clearh  the 
rcHnlt  of  the  two  curved  refracting  siu'faces.     If  mmlf" 
i  of  crown  glass,  the  focal  length  will  be  r/2(l*o  —  It  =  r; 

r  i.e.,  the  principal  focus  coincides  with  the  center  of  cnr- 

I  vatnrt^.     It  is  to  be  noted  that  in  all  cases  the  prin<-i|ial 

I  focal  distance  of  a  lens  is  a  functit)n  of  its  radins  of  ciir- 

^B        vature  and  also  of  the  index  of  refi-action  of  its  snli- 
^^        stance. 

I'  402.  Conjugate  Foci  of  Convex  Lenses. — Supposed 

i  ray /a  (Fig.  170)  to  be  incident  upon  a  concave  surfaw 


Fio.  170. 


at  the  point  a.  Sinc^?  the  incident  angle  is/wf?,  and 
angle  of  refraction /'ViO,  we  have  by  tlie  law  of  refra<f- 
tion  n  sin  r  =  sin  i  or  n  =  sin  /n  O /sin  /"aOj  In  the 
triangle/«Owe  have  siu/V/O:  urn  ffM  ::  0/ 1  a^;  r^n  I  i^ 
the  triangle/"«/>  we  have  8in/"a/>;  »in/"Otji ::  Oi 
Dividing  the -first  projx»rtion  by  the  second  we  obi 
n  :  1  ::  OfJiif\  Of"/af"\  and  hence  nOf  /nf'  =  Q/f 
As  the  incident  \>oiut  a  apyiroaches  6',  the  position  oiJTi 
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approacbes  a  limitiug  value  OF\  so  that  at  the  limit  we 
may  write  OF  auiX  CF  for  Of"  and  a/ ",  and  also  6/ for 
v/\  and  then  n.  OF/CF^  Of /Of.  If  w©  represent  the 
oater  conjugate  focal  distance  Cfhyf,  the  inner  CFhy 
/",  and  the  radiuH  CO  by  r,  then  O/wiW  be/— r  and  OF 
wUJ  be/"  -  r;  whence  n .  (/"  -  r)//"  =  (/-r)//  This 
readily  reduces  to  the  expression  (n  —  l)/r  =  n/f"  —  1/f, 
Now  bj  the  principle  of  reversibility  we  may  consider 
Ahe  conrbe  of  the  ray  emerging  from  the  second  surface 
'of  the  lens  precisely  as  if  it  entered  the  refracting 
nediiitn  through  this  surface  ;  l>eariug  in  mind  of  course 
lat  the  index  is  now  the  reciprocal  of  the  former  index, 
^presenting  CO'  (Fig.  171),  the  radius  of  the  second 
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Bnrface,  by  s,  the  distance  CFof  the  outer  focus  by/", 

the  difttauce  C'F^  of  the  inner  focus  by/',  we  liave  from 

|the   above   formula   ("  —  l)A  =  n//"— 1//".     Since    the 

ly  is  emergent,  the  ray  passes  from  a  denser  to  a  less 

>u8e  medium  and  the  index  is  1/n.     Hubstituttng  we 

1/n  - 1      l/»       1 

~ —  =  -jj —  p->  or,  multiplying  both  members 

bj  n»  (1  —  n)/8  =  l/f—  nff'\  an  tiie  expression  for  the 
change  of  direction  at  the  second  surface.  The  total 
change  is  of  course  the  sum  of  the  changes  at  the  two 
ifttirfaoes ;  and,  adding  the   above   equations,  we   have 

'(i»  —  1)^- )  =  Tr,  —  yfts  the  complete  expression  for 

the  conjugate  focal  distances  in  terms  of  the  radii  of 
irixrvature  and  the  refmctive  index.  It  will  be  seen  that 
the  tliickue»4s  of  the  lens  has  been  here  neglected,  /" 
having  been  used  in  represeut  C P'  an  well  as  CF. 
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If  iu  the  abov-e  equation  the  distance  /  be  sisppoad 

iufiuite,  1/f  ydW  be  zero,  the  rajs  from  it  ulll  be  yxirallel, 
and  /'   will   be   tlie  principul    focal   dietance.     Hence 

l/f  =  1/F\  and  the  equation  becomea  (n  —  1) =  t^ 

Beplaoing  now  iu  the  general  equation  the  oxpreGfiioA 

(_n  —  1) bj  its  value  l/F,  we  have  1/-F=  \Jf  -1// 

If,  as  is  frequently  the  case,  the  two  conjugate  foci  aic 
on  oi>posite  sides  of  the  lens,  the  relation  is  l/f-\-\Jf'= 
1/F\  i.e.,  the  sum  of  the  reciprocals  of  the  couju^.'ate 
focal  distances  is  equal  to  the  reciprocal  of  the  principil 
focal  distance. 

403.  Fool  of  Combiued  IxMises. — Since  a  poftitivp 
leus  brings  parallel  rays  to  the  principal  focus,  it  most 
evidently  bring  a  convergent  beam  to  a  focus  nearer  the 
lens.     In  this  case  both  foci/  and/'  will  be  on  the  sanw 
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side  of  the  lens  (Fig.  172)  and  the  formula  oonnectisg 
them  is  l/f  =  1/F+l//.     If  now  two  thin  lenses  A 


YOF 


other,  the  parallel  rays  falling  ou  ^1  would  he  lirought 
to  a  focus  at  /'  if  it  were  uot  for  the  lens  B.  The  ruvs 
falling  on  B  therefore  form  a  couvergiug  beam  whose 
virtual  focus  is  at  F^  at  a  distauee  F—a  from  B. 
Hence  we  have  \/f'  —  1/F'  -f-  \/{F  —  a),  in  which  F'  is 
the  principal  focus  of  lens  B.  Evidently  if  the  lenses 
are  in  contact,  a  =  0  and  l/f  =  l/F'  -{-  1/F;  and  if 
thev  are  of  the  same  focal  length  /'  —  ^F;  or  in  other 

words,  the  focal  length  of  the  combination  is  one  half 

that  of  eitlier  lens. 

404.  Virtual  Fori  of  Lenses. — When  the  point  from 
'which  the  rays  emanate  is  nearer  the  lens  than  the  ]>rin- 

:ipal  focal  distance,  these  rays  diverge  after  refraction 

Ijuid  appear  to  come  from  a  point  on  the  same  side  of 

the  lens  as  the  actual  point  but  farther  from  it.     Such  a 

focus  is  of  course  a  virtual  focus,  since  the  rays  do  not 

actually  pass  through  it 

In  the  case  of  a  concave  or  diverging  lens  even 
parallel  rays  are  caused  to  diverge  by  its  action.  And 
the  point  from  which  they  appear  to  diverge  is  again 
the  principal  virtual  focus  of  the  lens.  In  all  cases  the 
45<sueral  formula  1/F=-  1//'  -\-  1//*  applies,  regard  being 
liad  to  the  signs  of  the  several  quantities;  those  direc- 
tions being  considered  positive  which  are  measured 
from  the  lens  in  a  direction  opposite  to  that  of  the 
incident  ligbt 

405.  OaiiHM's  Method.— ('ar<Unal  Points. — The  treat- 
t  of  tlie  more  complex  lens-problems  may  be  much 

4»unpUfied  by  a  method  devised  by  Qauss  in  1843. 
Every  possible  lens-system,  if  well  centered,  when  taken 
in  connection  with  the  surrounding  media,  is  found  to 
possess  six  characteristic  optical  points  called  cardinal 
points,  arranged  in  three  pairs;  two  being  called  focal 
^  points,  two  principal  points,  and  two  nodal  points.  All  rays 
H  rooTing  toward  the  lens  and  traversing  the  first  focal 
HnplDt  become  parallel  to  the  axis;  and  conversely  all 
^Ppkinllel  rays  incident  on  the  lens  are  so  refracted  by  it 
aA  to  pass  through  the  second  focal  point.     The  second 

L principal  point  is  the  image  of  the  first ;  so  that  those 
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raj8  which  in  the  tirst  xuedium  pass  through  the  fir4 
principal  point,  pass  through  the  second  after  refractiotu 
80  of  the  nodal  points ;  a  ray  in  the  first  medium  which 
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is  directed  toward  the  first  nodal  point,  passes  througb 
the  second  nodal  point  after  refraction,  the  direetiuu  of 
the   rays   before    and    after    refraction    being   parallel. 
These  points  are  shown  in  the  diagram  (Fig.  174).  in 
wliich/*,  and  /,  are  the  focal  points,  p,  and  p^  the  priuci- 
pal  points,  and  n,  and  n,  the  nodal  points,     riiines  pa^**- 
ing  through   the    principal   {>oints   are  oiilled  principil 
planes,  and  those  througli  the  foc>al  points  focal  planes. 
Tlie  distjince /jP,  from  the  first  focal  point  to  thi*  tirsi 
principal  point  is  called  the  first  principal  focal  distance, 
fuid  is  positive,  since   the  light  comes  from   A.    The 
distance /*,7z,  from  the  first  focal  point  to  the  first  nodal 
point  is  equal  to  the  second  principal  focal  distance /j>,, 
and  the  distance  w^,  from  the  second  nodal  point  to 
the  second  focal  point  is  equal   t<j  the  first  principal 
focal   distance  /^p^.     Whence   it  follows:   (1)  that  the 
dififereuce  between  the  two  focal  distances  is  equal  to 
tlie   distance   between    either    principal    point  and  itft 
respective  nodal  point,  or/j>,  — /,/?,  =  ii,p,  =  nj:>,;  and 
(2)  that  />,/>,  =  ",",,   or   the   distance  between    the   two 
principal  points  is  the  same  as  that  l>etweeu  the  uckIhI 
points.     Moreover,  the  ratio  between  the  two  principal 
focal  distiiuces  is  the  same  as  that   of  the   refractive 
indices  of  the  first  and  second  media,  orf^pJf.t^  =^/joJii^. 
If  therefore  the  two  media  are  the  same  ^f^  =  /i,,the 
two  principal  focal  distances  are  equal  and  consequently 
the  principal   poiula  eo'\ut,vde  ^vtlv   the  corresponding 
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nodal  points.  To  find,  for  example,  the  image  of  a 
poiut  F  hy  meauH  of  these  cardinal  pointSi  draw  the  ray 
Fc  parallel  to  the  axis,  and  the  line  Pn,  through  the 
firet  uodal  point.  From  c,  the  point  where  the  ray 
intersects  the  second  principal  plane,  draw  cf^  through 
the  second  focal  point  and  prolong  it  until  it  intersects 
&  parallel  to  /*n,  drawu  through  the  second  uodal  i>oiufc. 
Tlie  image  of  P  will  be  at  this  intersection  P'. 

400.  Format  ion  of  Images  by  LeiiHeM, — -The  image 
produced  by  a  lens  may  be  constructed  by  taking  as 
many  pointa  on  the  object  as  may  be  necessary  and 
-coustructing  the  images  of  these  points  separate]}^  each 
on  its  own  secondary  axis.  Thus  for  a  double  convex 
lens  <Fig.  175)  let  the  object  be  AB  at  a  distance 
fnt^r  than  the  principal  focal  distance.     Draw  from 
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and  D  the  two  secondary  axes  Aa  and  Bh,  passing 
ihrongh  the  optical  center  C  of  th«  lens.  Let  fall  on 
the  leus  the  pitrallel  rays  Ac  and  Bd  from  the  points  A 
B,     They  will  intersect   the   principal   axis   at  F 

Pionsly.     Continue  these  refracted  rays  until  each  of 

im  intersects  the  aeconilary  axis  drawn  from  its  own 
[loint :  say  at  tlie  points  a  and  h.  The  image  ah  will  be 
found  at  this  intersection.  To  complete  the  figure  draw 
Jie  lines  Adn,  Bc^,  McN  and  MdN,     The  image  is  seen 

be  real  and  inverted  ;  and  since  it  is  farther  from  the 
lens  than  the  object,  It  is  larger  than  this  object  By 
■the  similar  triangles  CAB  and  (hth,  ah  is  to  JZ?  aa  ON 

to  CM\  i.e.,  as  the  distance  of  the  image  is  to  the 
Listance  of  the  object. 
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A  similar  construction  may  be  made  in  the  case  of 
virtual  imageB,  tbe  object  being  now  wittiin  tbe  priix  i()%] 
focua  (Fig.  176).     Draw  the  secondary  axe«  CA  and  ili 
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and  continue  them  indefinitely.     Draw  tbe  parallel  ran 
Ac  and   Bd.     They   will    apparently  intersect  at  tbe 
principal  focus  K     The  eye  placed  there  will  see  thf 
iiuago  of  A  ou  the  upper  line  prolonged  until  it  inter- 
sects the  secondary  axis  at  a.    The  image  of  B  will  be 
projected  to  h,     Virtaul  images  in  converging  lens 
therefore  erect,  are  on  the  same  side  of  the  lens  ji~ 
are  larger  than,  the  object.     Hence  the  use  of  oodtgi 
lenses  as  magnifiers,  the  image  being  as  much  1  ' 
than  the  object  as  it  is  farther  from  the  lens.     Am 
construction  gives  the  image  ab  formed  by  a  diverging 
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lens  (Fig.  177),  which  is  always  virtual,  as  the  annexed 
figure  shows,  and  smaller  than  tlie  object  AB, 

407.  Splicpical  Aberration  of*  l^nHes, — Cnnstlcs. 
— Lenses  having  spherical  surfaces  refract  rays  incident 
upon  them  to  difl'erent  points  on  the  axis,  when  the 
points  of  incidence  are  at  different  distances  from  this. 


Bds.     Thas  tlie  figure  (Fig.  178)  shows  that  rajs  incident        ^^| 
Bmt  the  circamfereaoe  of  the  lens  meet  the  axiH  ut  a         ^^| 
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^^^                                                                178.                                                                          ^^H 

point  F'\  while  when  the  incidence  is  nearer  the  axis,  the        ^^f 
focus    is    more  distant,  reaching  its  limiting  maximum         ^^H 
value  at  /^when  the  aperture  of  the  lens  is  indefinitely         ^^H 
small.     This  fact  is  called  the  spherical  aberration  of  a         ^^H 
lens.     The  distance  FF'  is  called  the  longitudinal  spheri-         ^^| 
c«l  aberration ;  the  minimuui  cross-section  of  the  refracted         ^^f 
beam,  as  at  nh^  tlie  circle  of  least  confusion:  and  the  radius         ^^H 
of  this  circle,  the  lateral  spherical  aberration.     The  rays         ^^| 
thus  refracted  at  different  points  of  the  lens  are  tangents         ^^| 
to  a  curve  which  is  called  a  caustic  by  refraction  (39.H)         ^^H 
and  which  is  the  evolute  of  a  conic  section.     Lenses  cor-         ^^fl 
rected  for  spherical  aberration  are  called  aplonatic.    The        ^^H 
form  of  the  lens,  the  ratio  of  the  radii  of  curvature.        ^^H 
and  the  direction  of  the  incident  light  upon  it  all  affect        ^^H 
the  spherical  aberration.     The  spherical  al)erration  of  a         ^^H 
plano-convex  lens  along  the  axis  is  4*5  times  the  thickness        ^^H 
of  the  lens  when  parallel  rays  fall  on  its  plane  side,  but        ^^H 
only  17  this  thickness  when  the  rays  fall  on  the  convex        ^^H 
Aide.    That  of  a  double  convex  lens  of  equal  radii  is  1*67         ^^H 
times  its  thickness.     If  its  radii  are  as  2  i^^  o,  the  result        ^^H 
is  the  same  as  above  given  for  a  plano-convex  lens,  ac-        ^^| 
cording  as   the  rays  fall  on  the  more  or  on  the  less         ^^| 
1      convex  side.     With  radii  as  1  to  «>,  the  spherical  aberra*         ^^| 
■  tion  is  1*07  times  the  thickness  when  the  light  is  incident        ^^| 
p      on  the  more  convex  and  3'45  times  when  on  the  less        ^^H 
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ooavex  sarface.     A  raeniscnB  leus  refracts  all  rays  in- 

cideut  ou  its  convex  side  to  a  single  focus,  provided  thai 
tho  ratio  of  the  focal  distance  from  the  first  sarface  to  the 
radius  of  that  surface  is  the  refractive  index  of  the  ^iasB 
of  wliich  it  18  made.  The  result  is  even  better  if  a  com- 
bination of  lenses  be  employed.  Two  plano-couvet 
lenses  of  tlie  same  curvature  placed  with  their  cofitet 
sides  t*iwurd  each  other,  have  an  amount  of  spherical 
aberration  equal  to  only  0*603  of  the  thickness  oi  tlie 
lenses ;  and  if  their  focal  lengths  are  as  2'3 :  1,  the 
lens  of  lesser  curvature  being  turned  toward  parallel 
rays,  the  spherical  aberration  is  only  0*248  times  iJieir 
united  thickness.  According  to  Sir  John  Herschel.  if* 
double  convex  lens  of  radii  5*833  and  —  35  be  combined 
with  a  meuiscns  of  radii  3*r>88  and  6*291,  the  focal  leD]^^ 
of  the  former  being  10  and  of  the  latter  17-829,  the  focal 
length  of  the  compound  lens  will  be  6*407  and  the  leng 
will  be  entirely  free  from  spherical  aberration;  pro- 
vided that  the  double  convex  lens  be  turned  toward  tk 
object. 

Inasmuch  as  rays  from  the  same  point  are  in  thix 
way  brought  to  foci  nt  different  distances  on  the  axis, 
and  moreover  as  rays  from  different  points  of  the  objftct 
lire  brought  t-o  a  focu.s  at  the  same  point  on  the  axis,  the 
effect  of  spherical  aberration  in  a  lens  is  to  pnxlaoir 
indiHtinctuess  in  the  image. 

408.  Kxperiniental  Determination  of  Focal  JUMiKtb. 
— As  a  beam  of  sunlight  may  be  assumed  to  be  com- 
posed of  parallel  rays,  it  is  necessary,  in  order  to  de- 
termine the  focal  length  of  a  converging  lens,  only  to 
place  the  leus  in  such  a  beam  and  to  measure  the 
distance  from  the  lens  to  the  point  where  the  image  is  n 
minimum.  Or,  as  a  second  method,  the  radii  of  curva- 
ture may  l>e  measured  directly  by  the  spherometer  aD<l 
then,  knowing  the  index  of  refraction  of  the  material, 
the  focal  length  of  the  lens  may  be  calculated  by  tht* 
general  formula  above  given.  Again,  if  such  a  lens  ltf» 
used  to  form  an  image,  and  the  distances  (1)  of  tbr 
object  and  (2)  of  the  image  from  the  lens  be  measured. 
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le  focal  length  maj  be  calculated  from  the  furmula 
=//7(/+/)  J  i-e.,  by  multiplyiug  these  ditttances 
together  aud  dividing  by  their  sum.  Or,  if  the  image 
and  the  object  be  adjusted  so  that  while  they  are  equi- 
dist'uit  from  the  lens,  they  are  the  minimum  distance 
apart,  the  focal  length  is  one  fourth  of  this  minimum 
distance. 

If  the  lens  be  a  diverging  one,  place  it  in  a  beam  of 
sunlight  aud  at  such  a  diutauoe  froui  u  Hcrecn  that  the 
circle  of  light  on  the  screen  is  twice  the  diameter  of  the 
lens.     Then  the  virtual  focal  length  of  the  lens  is  equal 
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to  the  distance  between  the  lens  and  the  screen.  For 
evidently  from  the  figure  (Fig.  179),  the  diameter  of  the 
illaminated  circle  AB  \a  to  the  diameter  of  the  lens  EE 
AA  the  distance  FM  is  to  the  distance  CF.  Whence  if 
AB^^EE\  CF^  CM. 

a— DIrtPEKSlON. 


400.  liefVaotiou  ol'  N<»n-honiof;eneoiiH  Radiation. 
— I>lRporHlon. — The  speed  of  propagation  in  a  vat:uum 
ap])f'ars  to  be  the  same  for  all  wave-frequencies.  But 
Frosuel  suggested,  and  Cauchy  showed  mathematically, 
that  this  cannot  1>e  true  in  ordinary  matter  unless  the 
sphere  of  action  of  the  molecnlea  is  indeHnitely  small  in 
comparison  with  a  wave-length.  The  constitution  of 
matter  thus  required,  however,  appears  not  to  accord 
with  fact  The  most  homogeneous  medium,  such  an 
water,  has,  as  we  have  st^on,  a  grained  or  heterogeneous 
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structure    whose    dimensious    are    uot    iooomparaljH 
smaller  than  the  average  length  of  a  wave  of  light    A^ 
suQiing    tbiH,    Cauchj   was   led    to   suggest   a   relatoti 
between  the  wave-frequencj  and  the  speed  of  prepay- 
tiou,  which  expreBses  the  latter  valine  as  a  function  flL 
the  former.  ^ 

Since  the  index  of  refraction  of  any  substance  is  tb« 
ratio  of  the  speed  of  propagation  of  radiation  in  tsodu 
to  its  Hpeed  in  that  substance,  it  follows  that  if  the  H|>e<?(l 
in  such  a  medium  be  a  function  of  the  wave-frequeucr, 
the  index  must  be  so  also.    And  this  is  found  ex}}eii^ 
mentally  to  be  the  fact     Every  wave-frequency  has  ifl 
oM'u   refractive   index  ;  and  since  in   the   case  of  lijfbt 
wave-frequency  corresjjonds  to  color,  every  simple  puIq^ 
has  its  special  index*     In  discussing  refraction  thtus  fifl 
we  have  assumed  the  radiation  to  be  homo^^eneous;  t.^M 
made   up  of  vibrations  of  one  rate  only;   using,  wh^| 
necessary  to  specify,  the  mean  visible  wave-freqaeufl 
whicli  is  about  608  to  510  million  million  vibrations  per 
second. 

Moreover,  since  the  deviation  produced  by  refraciicfl 
through  a  prism  is  a  function  of  the  refractive  iu(i)?t, 
being,  when  the  angle  of  the  prism  is  small,  the  proJnci 
of  this  index,  less  one,  into  the  tuigle  of  the  prism,  it  fpfl 
lows  that  the  deviation  produced  by  refraction  must  H 
diffi«rent  for  every  wave-frequency;  e.g.,  for  every  cotifl 
From  this  we  may  conclude  :  1st,  that  if  homogeneafl 
radiation  of  any  one  wave-frequency  be  incident  oaH 
refracting  surface,  it  will  be  deviated  by  an  amoi^| 
special  to  itself;  and  2d,  that  consequently,  if  complfl 
radiation,  containing  many  wave-frequencies,  be  so  i^t 
cident,  these  wave-frequencies  will  all  be  separated  fl 
the  differential  refractive  action  and  will  be  arranged  H 
the  order  of  their  refractive  indices ;  i.e.,  in  the  orderfl 
their  refrangibilities.  Such  a  succession  of  wave-fl| 
quencies  sorted  out  by  a  prism  and  arranged  in  the 
order  of  their  refrangibilities  is  called  a  prismatic  spec- 
trum ;  and  the  production  of  such  a  spectrum  b; 
ditferential  refractive  action  is  called  dispersion. 
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'      iLLiieTRATiox.— Thus  if  a  oomplex  rndiAnt  beiun  AO  (Fig.  180) 
h«?  inoifJcnt   ou   a   refracting   surface 

UH'  at  Ibe  point  O,  each    of   its   com- 
tnont    wave-frequencies    will    suffer 

litliTeat  ftp*te<i -chants,  the  less  rapid 

mrt«*rg«iii(f  a  less  diminution  in  sikh**! 

ind  therefor*'  being  less  devialeU.     For 

mWAe  ra>-a  the  red  will  appear  at  r, 

he  violet  at  r,  the  intermediato  cotars 

onipleting  thu  spectrum. 

Newton  was  the  HrHt  to  dis- 
ver   the   true   uatuie    of   the 
ihle    spec'truui.      Placing    a 
rism  iu  a  beam  of  sunlight  AO 
rFig.  181),  he  produced  a  solar 

tjpeotrum  consisting,  as  ho  assumed,  of  seven  primary 
IK>lors,  red,  orange,  yellow,  green,  bine,  indigo,  and  >'iolet, 
in  the  order  given,  the  red  being  the  least  and  the  violet 
the  most  refrangible.     Submitting  these  colors  separately 


Fio.  180. 
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to  the  action  of  a  second  prism,  he  observed  that  they 
were  h<miogeneou8,  and  that  each  had  a  refrangibility 
special  to  itself,  correspouding  to  its  position  in  the 
sprrtrum.  Hence  his  two  theorems:  "Lights  which 
differ  iu  color  differ  also  in  degrees  of  refrangibility ;" 
And  •'  The  light  of  the  sun  consists  of  rays  differently 
refrangible." 

4  to.  I>ark  LiiieM  In  the  Holnr  Hpectriim.^The  ra<li- 
atinn  from  a  black  body  at  the  highest  temperature 
obtAinable  artiticially,  as,  for  example,  that  from  the 
positive  carbon  of  the  electric  arc,  contains  a  practically 
uninterrupted  series  of  wave-frequencies,  compriseil  be- 
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tweeu  10  ami  1600  milliou  inilliou  vibrations  per  8«<:<id(1 
(Langlej).  Ueuce  itn  H]tectraiu  ouusists  of  a  similu 
interrupted  serieH  of  wave  frequencies,  arranged  side  br 
side  in  tbe  order  of  their  refraugibiiitiea  ;  tbns  furmi&K 
a  continuouH  spectrum.  In  1802,  while  Wollastou  vu 
observing  a  solar  8|>ectruuj  of  especial  puritj,  he  noticed 
<;ertain  dark  lines  crossing  it,  perpendicular  to  its  lengtL; 
thus  proving  solar  light  to  be  deficient  in  certain  wave- 
frequencies.  These  lines  were  more  closely  eiamine*! 
Iiv  Fraunhofer  in  1814,  who  mapped  576  of  them.  Eijiht 
of  the  most  prominent  he  designated  bv  the  first  ei^ltt 
letters  of  the  alphabet,  the  lines  A  and  B  lying  in  the 
extreme  red,  (7  in  the  orange-red,  D  in  the  yellow,  Em 
the  green,  F  and  G  in  the  blue,  and  II  in  the  violet 
Hubsequeutly  he  added  the  line  a  in  tbe  red  and  the  line 
b  in  the  green. 

The  following  are  the  wave-lengths  in  air  (in  centiin- 
eters),  aud  also  the  wave-frequencies,  of  the  Frannhofer 
lines : 

WAVK-LENGTHS  AND  WAVE-FREQCENCIES    (Belt.) 


Juc 

Wavc-lenglU. 

Wave- 
frequency. 

Line. 

Wave-length. 

Wave 

A 

7-621x10- 

'3-936x10" 

E, 

5-269  X 10' 

5-694  X 10" 

B 

6'884    " 

4-368    « 

h. 

5183    " 

5-788    •• 

V 

6-563     " 

4-571     " 

F 

4-861     - 

0-172    *J 

A 

5-896    " 

5088    '* 

G 

4-307     " 

6-965    A 

/>. 

5890    " 

5-093    " 

H 

3-968    " 

7560    '• 

Since  these  dark  lines  indicate  the  absence  in  solar 
light  of  definite  wave-frequencies,  they  constitute  fi.xed 
points  c»f  reference  in  the  spectrum,  which  are  of 
use  in  measuring  the  changes  which  the  refractive  in< 
undergoes  for  given  variatione  in  wave-frequency,  aud 
the  changes  which  this  index  suffers  in  different  media 
the  same  wave- frequency.  Thus,  for  example,  the  spe( 
of  sunlight  given  by  prisms  of  the  same  angle,  maib 
ilint  glass,  crown  glass,  aud  water,  respectively,  as  sb* 


^SNSHQTOF  jBTBBR-  VIBRATION. 


^ANTEHEHQY  451 


iu  Fif^re  182,  are  quite  different.  For  a  giveu  Ueviatiou 
of  the  FrAuuhofer  Hue  Zf,  the  differential  refractiou  be- 
tween tlie  linos  ^and  //i  wLicli  measures  the  dispersiou, 
is  more  than  twice  as  ^'reat  in  flint  ghiBs  as  iu  crown,  and 
more  than  three  iimeH  aa  great  as  in  water;  thus  indicat- 
ing the  value  of  these  lines  as  fixed  points  of  reference. 

Flint  GioM 


B     C 


H,     H. 


Cfutt-M  Olrtw 


BC      D      K       F 

mmi 


II,  H, 


^^\ii<r 


BO  j>    c  r       O       B,U, 


Flo.  IW. 


The  indices  of  refraction  given  in  the  table  nn  page  433 
are  the  indices  for  the  particuhir  wave-frequencj  rep- 
reeeuted  by  the  Frauuhofer  line  D, 


REFRACTIVE  INDICES  FOR  THE  KRAUNUOFEE  UNKS 


* 


Crovnclua IXW 

Fllntglftm  fdeoie)  lilM5 

Bockmlt  1-MOO 

Alum ...  l-4a(» 

W»ur  l-SM 

Cftrtaoa  c**fulpbid«. 1-«I4« 

Alf I 


n 

c 

D 

K 

r 

o 

II 

IftlOO 

IMIfl 

rsiw 

1-5180 

1  5310 

I.G3M 

15814 

1-7010 

I'TOM 

I7I(S 

17191 

I'TVTJ 

i-7iaa 

l-n« 

1-53W 

lajofi 

J  M43 

1  MW 

1  553^ 

I.!WI3 

isest 

14t>'jO 

1-4&30 

1-4500 

ru80 

l'«ei4 

1'4«56 

14001 

1*8300 

i»d: 

1-UM 

i-aai? 

1*S4(M 

1-3403 

I'sai 

ro<07 

rtmo 

1^883 

r(M« 

r«sM 

1^886 

I-TOW 

m» 

S803 

S91I 

S9ai 

S08I 

WM 

1(888 

411.  Dlsporttiv^Power. — Inasmuch  as  dispersion  is 
simply  the  differential  deviation,  by  refraction,  of  rays  of 
diff^rtMit  wave-frequencies,  it  is  endent  that  we  may 
nicuiHure  the  total  dispersion  of  any  subatauce  in  terras 
of  the  extreme  augulnr  deviations  produced  ;  or  if  Sj^  he 
the  devijitiou  for  the  //  line  and  6^  that  for  the  -4  lim-, 
Sg  —  6j^  will  represent  the  total  di8pt>rsion.  But  we 
have  seen  above  that  tf  =(n  —  \\ct ;  and  consequently  if 
6„  =(nff  —  \)a  and  6^  =(n.4  — 1)^»  the  dispersion  tf^ — tf^ 
refractive  indices  will   be  (H^^—n^j^-, 


A 
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Tlin  diiperslve  power  of  a  body  ia  defined  as  tlie  n^ 
of  the  totai  dispersion  to  the  ineHit  disperHioii ;  or  to 
{^a  ^  ^Ai/'^S'  Siuce  S^  —  6^  ^(n„  —  n^)tt,  and  rf,  = 
(riK  —  !)<'»  wc  have  for  the  value  of  the  iliMperaiTe  poirer 
(n^  —  n^)/(rti:  —  1);  iu  other  words,  the  dispersive  power 
is  equal  to  the  diOfereuce  of  the  extreme  refractive  in- 
dices divided  by  the  mean  index  less  one.  It  is  ioJe- 
peudeut  of  the  prism-angle. 

Tlius  for  crowa  glass  the  dispersion  is  0*0225nr  sod 
the  dispersive  power  0*0434;  while  for  c&i'bou  dimil- 
phide  the  diHpersiou  is  0*09480"  and  the  dispersive  jMrmer 
0'14<J6.  Hence  for  the  same  mean  dcviution  the  spectmui 
produced  by  a  prism  of  carbon  disulpbido  ia  between 
tliree  and  four  times  as  long  as  the  speotruiu  jirodncni 
by  a  prism  of  orown  glass  of  the  same  angle. 

412,  IrratioualU.v  of  DiHiH^rHion, — The  diiTerenkial 
de^iiition  for  the  intermediate  Fraunhofer  lines  is  called 
partial  ditperBlon ;  which  for  prisms  of  the  same  auglr*  ifi 
proportional  to  the  differences  of  the  refractive  indicp? 
for  these  lines.  On  comparing  together  the  partial  dis- 
persiouB  of  different  substances  for  the  same  portion  nf 
the  sppctrnjii,  it  is  found  that  thoy  do  not  agree  even 
when  the  total  dispersion  is  the  same  f<jr  both-  Thus 
while  the  difference  l>etween  the  lines  i^  and  Cin  fliul 
glass  is  *2*56'2  times  this  difference  in  water,  the  differ- 
ence between  the  lines  G  and  II  is  3*726  times.  Evi- 
dently, therefore,  if  two  spectra  produced  by  different 
refractive  substances  be  superposed,  they  will  not  cor- 
respond in  tlieir  wave-frequencies,  even  if  they  are  made 
to  have  exactly  tlie  same  total  length.  This  want  of 
proportionality  in  the  spectra  given  by  different  refrai;- 
tive  media  is  called  irrationality  of  dispersion.  In  its  ei. 
treme  form  it  may  even  invert  the  order  of  the  wave- 
frequencies;  Mud  it  is  then  called  anomalous  dispersion. 

■41-i.  Aelirnniattsni  in  Prisms  and  Li*nses. — Wheo 
non-homogeneous  radiation  is  incident  upon  a  refracting 
surface,  it  is  dispersed ;  i.e.,  its  constituent  wave-fre- 
qneucies,  being  differently  refracted,  are  separated  from 
one  another.     On  emerging  from  a  second  surface  par. 
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^11(^1  to  tbe  first,  however,  both  refrHotion  aud  dispersion 
Ji-sappear  and  the  raj  emerges  as  it  entered.     If  two 
priHius  of  the  same  material  be  taken  aud  one  be  reversed 
ill  poHitiou,  their  refracting  surfaces  will  be  parallel  and 
tii«>re  will  be  no  deviation.     The  deviation,  however,  is 
a  f  uikctiou,  not  only  of  tbe  excess  above  unity  of  the  re- 
fractive index,  but  also  of  the  prism-angle.     80  that  if 
iln^rte  two  quautitien  vary  inversely  as  each  other,  their 
product,  i.e.,  the  denation,  will  be  constant     A  prism 
of  iliut  glass  of  mean  iudox  1*66 and  angle  20°  will  deviate 
H  ray  in  —  l)nr  or  13*2  decrees ;  while  one  of  water  of  the 
eatiie  angle,  whose  index  is  1*33,  will  deviate  it  only  6'6°. 
Hence  if  a  flint  prism  of  10°  be  combined  with  a  roversed 
water  prism  of  20'^,  the  radiation  will  pass  through  the 
system  without  sufi'erin^  any  deviation  of  the  mean  ray. 
Moreover,  if  the   dispersion  were   proportional  to  the 

»inean  refraction,  then  the  dispersion  also  would  be  cor- 
rected by  this  arrangement.  But  this  in  not  the  fact. 
The  dispersion  of  the  flint-glass  prism  of  10°  above  men- 
tioned will  be  (wj/ —  w^iW  or  alxnit  O*/)*^ ;  while  that  of 
the  water  prism  of  20"  is  about  0'3^  Consequently 
^  under  these  conditions  there  will  be  a  renidual  disper- 
H  fdoD  due  to  the  flint  glass  of  about  0'2''.  That  is,  the 
combination  will  give  a  spectrum  whose  angular  breadth 
between  the  A  aud  //  lines  will  be  12  minutes  of  arc. 
Such  a  combination,  thei'efore,  gives  dispersion  without 
deviation.     It  is  called  a  direct-viaion  prism. 

If,  on  the  other  hand,  the  angle  <tf  the  mor&highly 
refractive  prism  be  adjusted  so  as  to  produce,  not  the 
same  mean  deviflti(»n,  but  the  same  difference  of  extreme 
deviation,  Le.,  the  same  dispersion,  as  that  given  by  the 
Iwu*  refnictive  one,  then  the  dispersion  will  be  corrected 
f»nt  u<it  the  deviation  ;  and  w*^  shall  have  a  compound 
I  prism  which  deviates  a  ray  without  dispersing  it.  In  the 
■  CAM  of  light,  such  a  combination  is  called  an  achromatic 
prina.  since  its  image  is  devoid  of  color.  The  condition 
required,  which  is  called  the  condition  of  achromatism,  is 

I  in  theory  a  simple  one,  being  only  that  the  sum  of  the 
dUpersions  shall  be  equal  to  zero.    Suppose  two  prisms 


464 


PBTRTCS. 


of  dispersions  {ng  —  n^)a  and  (ng  —  nj^*)a* ;   from  Ute 
above  couditiou  we  Lave  (n^  —  n^a  -f"  (**«'  —  "^')*''  — (1^ 

- ;  or  the  prism-angles  mnst  be 


WLence  — ,  = 
a 


—  n 


inversely  as  the  extreme  index-differences  of  the  tiro 
media  employed  for  the  prisms.  The  two  members  of 
the  equation  are  of  opposite  sign.  This  means  only  that 
the  two  prisms  must  face  opposite  wajs.  Owing  to  ILp 
irrationalitr  of  dispersion,  however,  correction  for  ex- 
treme rajs  does  not  in  general  correct  for  the  mean 
ones  ;  and  there  remains,  therefore,  a  residuum  of  colnr. 
In  the  case  of  a  lens  there  may  evidently  be  as  manj 
foci  as  there  are  wave-frequencies  in  the  incident  radia- 
tion. AVhen  white  light  falls  on  a  converging  lens,  for 
example  (Fig,   183),   the  violet  component  being  m^ist 


a 

m 

n 

A 

/• 

><^ 

tl-V^] 

^^ 

*^^^^^-^ 

^f                 ^ 

^ 

■^^r 

D 

h 

W 

In' 

J 

Fis.  itfl 


refracted  will  form  its  principal  focus  at  F;  vhile  the 
focus  of  the  red  will  be  at  B,  The  intermediate  colore 
of  the  spectrum  will  come  to  intermediate  foci.  Hem-e 
a  cross-section  of  the  beam  at  mm*  will  show  a  violet 
center,  while  at  nn'  the  center  will  he  red.  This  phe- 
nomenon is  called  the  chromatic  aberration  of  a  lens.  Id 
place  of  a  single  and  uncolored  image,  a  number  of  over- 
lapping images  appear,  of  various  colors,  producing  a 
confused  and  indistinct  effect 

By  combining  with  this  converging  lens  a  diverging 
lens  of  such  focal  length  that  the  dispersion  shall  he 
destroyed  without  destroying  the  deviation,  an  achromatic 
lena  (Fig.  184)  may  be  produced.     This  condition  ia  at- 
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e<l  when  the  focnl  lengths  of  the  two  lenses  aie 
rei'tly  |iropurtiouiiI  to  tLeir  dispeihiuUH.  lu 
lieral,  bowevor,  the  tHspersion  in  this  ease  is 
t  the  dift'erences  of  devifitioii  of  the  extreme 
ySy  but  those  c»f  less  refriiugiliility  ;  sjiy  between 
le  greeuisli  bine  and  the  omuyti-yeHow.  For 
K.a.ni|>le,  suppose  we  have  u  eouvergiug  lens  of 
rown  glass  xiA'  of  20  centimeters  focal  leugth. 
o  correct  the  elmimatie  aberration  of  tlais  lens 
E>  that  the  linos    C  and  /'  shall  be  lirought  to 

e  sHine  focns,  a  Hint-^^lass  diver^-ing   leus  JUJ' 
33  centimeters  ft)eul  length  will  he  rn(juirpd  ;    Frn.  i84. 
uniing  the  dispersions  of  the  iiiut  and  crown  glass  for 

ese  two  lines  to  be  in  tlie  ratio  of  33  to  20.     The  focal 

ugth  of  such  an  achromatic  lens  wnuld   be  51  centi- 

eters. 

414.  Kx|M*rliiienfa1  Mea>4tireiiieiit  4»r  Oisperslon. — 
'he  dispersive  power  tif  a  substance  may  be  measured 
irectly  in  terms  of  that  of  some  standard  substance. 
I'ater  is  generally  taken  as  the  fitun<bird  of  reference, 
o  make  the  comparison,  a  h(»How  prism  is  provided, 
hose  glass  sides  are  hinged  near  the  refracting  edge,  so 

at  they  may  be  placed  parallel  to  each  other  or  at  any 
invenient  angle.     The  prism    being  tilled   with   water 

(1  the  sides  being  made  parallel,  a  ra}'  sent  throngli  it 

flers  no  deviation.     The  substance  to  be  examined  is 

ule  into  a  thin  prism  of  know^n  angle  and  placed  in  the 
ater,  its  refracting  edge  being  in  an  inverted  position 
ith  reference  to  that  of  the  water  ])rism.  The  ray 
now  tleviated,  of  course  toward  tJie  base  of  this 
am.     The  angle  of  the  water  prism  is  then  increased 

ilil   the    ray  emerges  colorless  and  the  angle   of  the 
utfiT  prism  is  read.     The  ratio  of  the  prism-angles  is 

eu  the  inverse  ratio  of  the  dispersive  powers  ;  since 
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pniD  the  principles  of  achromatism  already  discussed. 

415.  K|>e<'trinii  Analysis. — When  non-homogeneous 
uliation    hills    iip<;ii  a    prism   its  different  constituent 
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tay»  aro  ditTeieutly  refracted,  anil  iu  tluH  wnr  are  w^<m' 
rated  from  ono  ntiutlier,  sn  as  to  form  n  sj)ectniiu  niudf 
up  of  these  wave-fre(iiiencies  arranged  in  the  or<Wr  ol 
their  refraugihilitioM.  Since  the  length  of  the  s}>ectnuD 
is  the  distauco  between  the  extreme  rnvs  us  they  diverge 
from  tbe  prism,  the  spectrum  is  longer  the  further  tLt» 
screen  on  which  it  18  received  in  from  the  prism.  It  in 
evident  tliut  tliis  spreading  niU  of  tlje  couHtitueuU  nf  u 
^iveu  radiation  into  a  spettriim  h\  a  prism  tu&y  he  ulil- 
izod  to  ascertain  tiie  wHve-frei{uencieH  which  it  contniuK 
Tlius  if  the  extremely  romplex  radiation  from  a  catU'ii 
rod  at  high  incandesoeiu'p  be  subjected  to  unulysis  h\  llir 
priflm,  its  spet^tnim  will  be  fonud  to  consist  of  an  iutleti* 
nite  number  of  wave-fret] uencies  extending   unint- 

edly  from  aiiout  10  to  1(>(H)  million  million   vil 

per  second.  While  ou  the  other  hand  if  the  radiation 
from  incandescent  sodium  viipor,  jiroduced  wheu  a  littlf 
salt  is  placed  in  a  uou-lumiunus  gas-tlame,  he.  exauiiuifd, 
its  H])ectrum  is  found  to  ccmaist  of  but  two  fine  Hues  io 
the  yellow,  hnviuj?  wave-frequencies  of  about  5088 mid 
509'H  milliou  milHou  respectively.  This  nnah-sis  of  « 
composite  radiation  by  means  of  its  spectrum  is  called 
jipectram  analysis. 

41«.  The  S|HM'troseo|»e. — The  iustnimeut  URe«l  in 
)4]>ectrum  analysis  is  called  a  spectroscope.  Tn  tt^  sim- 
plest form  (Fi^.  185)  it  cousist-s  of  a  ^lass  prism  and  two 
telescopes,  so  mljusted  that  their  axes  make  equal  aui»le« 
with  the  tw<j  aides  of  the  prism.  The  inner  ends  nf 
these  tele8eoj>es  carry  achromatic  lenses.  At  the  outer 
«nd  of  one  nf  them  is  a  slit,  atljustable  by  means  of  a 
screw  t*>  any  desired  width,  and  ])laced  at  the  jtiiucipAJ 
focus  of  its  lens.  Such  a  telescope  is  called  a  coliimttor. 
The  radiation  enters  the  slit,  is  rendered  parallel  by  the 
lens,  traverses  the  ]vrisin  ut  tlie  nnj;le  of  mean  ndnimnm 
deviation  (and  so  is  nf»t  distorted),  is  rec^*ived  afti^r  dis- 
persion on  the  lens  of  the  second  telescope  and  is  by  it 
brought  to  a  focus.  The  spectrum  thus  j)roduced  i* 
•viewed  b}-  means  of  the  eyepiece.  This  speotrum  is 
rweived  iu  this  cane  directly  upon  the  retina  of  the  eyw 
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and  xnaj  thus  be  distinctly  seen  even  when  the  radiation 
is  quite  feeble, 

Wljere  greater   dispersion   is    required  than  can  be 
given  by  a  single  prism,  a  series  of  prisms  is  used,  up  to 
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tn  or  more  ;  these  being  adjusted,  autoiuatically  in  some 
•s,  to  niininnun  deviation.  In  such  a  case  the  t<ital 
leviation  of  the  ray  may  amount  to  mor**  than  un  t^ntir*^ 
kircumference, 

Cbf^niists  had  long  known  that  certain  Hultstjiuces 
when  heated  gave  colored  flames.  The  yt^lhiw  of 
iu>dinm,  the  crimson  of  lithium,  the  lilac  of  potassium, 
ihe  red  of  strontium,  and  the  green  of  barium  are 
U miliar  to  every  one.  In  1859,  Bunsen  was  led  io 
examine  through  a  prism  the  Uglit  emitted  by  these 
[anies  and  to  ma]>  thnir  spectra.  He  found  tliat  these 
spectra  wore  charaftcristic  and  hence  could  be  uwed  for 
Jif  identification  of  these  elements  either  free  or  in  com* 
linatinn.  Moreover,  the  quantity  of  nniterial  required 
the  purpose  was  found  to  be  exceeilingl^\  minute, 
^ne  two-thousandth  of  a  milligram  of  barium,  (uie 
rrtf-thousaudth  of  a  milligram  of  potassium,  one 
lirtv-tiioiiMuidth  of  stroiitiuui.  one  fifty  thonsandth  of 
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ealcinn),  one  six-hnnclred-tbonaandth  of  a  tnilligram  of 
litbiuiu,  Mud  cue  fourteeu-njillit)iitb  of  a  itiilligram  of 
Bodiuui  sufticps  to  produce  iu  th«  s|>e<'troHc<»j>e  the  cbm- 
acteristic  lines  when  the  .sul>8tiiuc*it  is  placed  iu  the  www- 
InrninouH  gAH-Haiue.  But  if  the  higher  teiu|ier)itiir«  u( 
the  electric  spark  be  used  to  render  these  sapors  iuisiu- 
deHcent,  this  extraordinary  delicacy  may  be*  iucreiistsl « 
8o  that  now  one  ten-millionth  of  a  niilligruni  of  cHlcitim, 
one  forty-u)illi<mth  of  a  uiilli^raiu  of  litliium,  aod  ola 
hnndred-milliontb  of  a  luilli^nini  of  Htrnotiuro  is  siifii- 
oient  to  give  the  spectrum  clmracteristio  of  these  eK 
iiientM,  This  discovery  placed  iu  the  band^  of  Uir> 
cbemiat  a  method  of  qualitative  analysis  of  far  ^reatrt 
jiower  than  any  bitlierto  in  use.  And  one  nf  the  earliphl 
of  the  results  obtiiined  was  the  fact  of  the  estreine 
generality  of  diffusion  of  the  elements  in  nature.  31orv^ 
over,  before  the  new  method  had  left  tbe  bands  of  ib 
discoverer  be  added  two  new  substances  to  the  bst  »<f 
the  chemical  elements,  called  csesium  and  rnbidiniu  re- 
spectively, from  the  characteristic  blue  and  red  HiifS 
in  their  spectnu  Subsetpientiy  tbe  elements  tltunmm. 
indium,  gallium,  and  germanium  were  disoovered  lij 
CrookeH,  Keich  and  Kichter,  Lecoq  de  DniHlmuOrnit, 
and  W'iukler,  in  consequence  of  peculiarities  in  llu^ir 
emission-spectra. 

The  condition  necessary  for  tbe  ])r(Mi notion  nf  tin- 
emissiou-s]>ectruin  in  simidj'  a  bigb  temjieratnre.  Ib^ 
substance  to  be  examined  must  not  only  he  couvertfd 
into  vapor,  but  this  vjq>or  must  be  dissociated  jui<l  reu- 
dered  luminous.  And  since  the  radiating  power  <if  gnM'S 
is  very  feeble,  this  requires  them  to  be  strongly  benled. 
In  some  canes  where  the  sul>atjvnce  is  readily  volatile, as 
sodium  chloride,  for  example,  a  non-luminous  giis-tJnme 
Buftices  for  the  purpose;  the  spectrum  obtaiiioil  beiug 
that  of  tbe  sodium  alone,  the  chlorine  becoming  Inmi- 
nous  only  at  a  much  higher  temperature,  Strontium 
and  calcium  salts,  however,  are  not  completely  dis- 
sociated in  a  gas-tlame  ;  and  their  spectra  consist  of 
bands  due  probably  to  their  oxides  volatilizing  as  such. 
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"IW^heti,  however,  they  are  subjected  to  the  higher  teui- 

peruture   of   the   electric   Bpark,  complete   diHHociation 

fta.kes    place  hdJ  the  Hue  spectra  charactermtic  of  the 

XDetaln  are  obtained.     In  the   case   of  gases   they  are 

enclosed  iu  glaKH  tubes  of   a   fonii   devised    by 

T^locker  (Fig.  186)  cousistiug  of  enlarged  cylin- 

«lric3il    ends    couuected    by    a   narrow  capillary 

middle  portion,  in  which  the  electnc  discharge 

ifi  condensed.     In  general  the  emission-spectruin 

of  au  element  1>econies  more  complex  as  the  tem- 

|>erHture  rises. 

417.  Absiirptioii-speotra. — ^The  spectrum  of 
an  incandescent  solid  of  high  radiating  power 
consists,  as  we  have  seen,  of  an  uninterrupted 
blind  of  color  from  the  extreme  red  on  the  one 
hand  to  the  extreme  violet  on  the  other.  The 
Hpectrum  of  an  incandescent  gas,  on  the  other 
band,  consists  of  isolated  Inight  Hues,  greater 
or  less  in  number  according  t<^)  the  special  gas 
employed.  We  have  now  to  consider  a  third 
class  of  ttpectrn,  consisting  of  dark  lines  upon  a 
hright  and  colored  background;  a  continuous 
Hpectrum,  in  fact,  from  which  certaiu  wave-fre- 
quencies have  l>een  removed,  thus  causing  ga])s 
or  dark  spaces.  Such  spectra  are  due  to  ab- 
borptiou  in  a  medium  which  the  radiation  has  been 
caused  to  traverse.     They  are  called  absorption-spectra. 

In  a  previous  section  attention  has  been  called  to 
the  fact  that  absor]>tioii  may  be  general;  that  is,  exer- 
cised equally  upon  all  wave. frequencies  existing  in  the 
radintion  ;  or  it  may  he  ipecial  or  selective ;  i.e.,  couiiued 
to  purticnlar  wav«-fi*e(jueucies.  Evidently  if  complex 
iatiou  be  transmitted  through  a  medium  possessiug 
ctive  absorption,  it  will  emerge  with  the  loss  of  the 
absorbed  wave-fretpinneies ;  and  in  its  spectrum  con- 
sequently there  will  be  dark  sj)aces  corresponding  to 
the  absorbed  radiations.  Thus  the  absorption-spectrum 
prodnc^d  fron\  white  light  which  has  traversed  a  soln- 
tinn  of   didvmiam    is   as   distinct   and   definite  aa  anr 
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eEmssion-spectruui,  its  dark  Lines  beiug  of  couttuit 
wave-freqiieucies.  80,  too,  the  absoq^tion-spectruni  til 
blood  is  perfectly  charaotemtic,  aud  the  indicatiou  u 
80  deiiciiUi  that  a  siugle  bh)od-corpU8cle  is  sufficitnl  to 
jield  the  spectrum  in  the  niicTo-sjjectroscope.  More- 
over, apparently  colorleHs  liquids  exert  in  some  cum 
selective  absorptiou  and  give  absorptiou-speotra,  Rtt^> 
sell  and  Lapniik  have  observed  dark  bauds  in  the  Ugbt 
trauKiuitted  through  columns  about  2  meters  long  of 
wjiter,  alcohol,  ether,  and  chloroform.  And  in  the  casft 
of  a  saturated  solutiou  of  auiniouia  iu  water,  thev  ob- 
served as  many  jw  five  absoi*])tion-Viands.  The  absorji- 
tion-bands  duo  to  the  aqueous  vapor,  the  oxygen,  HtiJ 
the  carbon  dioxide  of  our  atmosphei'e  have  been  already 
mentioned  (370). 

418,  The  Solar  Speelruin. — The  spectrum  of  kbb- 
light,  as  has  been  stated  (410),  contains  a  large  unmWr 
of    dark    absorption-lines,   which   were    tirst   observed 
bj  Wollaston  (1802)  and  many  of  which  were  mapp***! 
by  Frannhofer  (1814),  who  distinguished  eight  of  them 
by  tlie  letters  of  the  alphabet.     Although  a  few  of  these 
spectrum  lines  are   due  to   absorptiou   in  the  eartk*& 
atmosphere,   by   far   the   greater   number   onginate  in 
the  selective  absoi-ptiou  of  the  solar  atmospliere  itself. 
And  since  tliis  abs<^rption  relates  to  the  same  wav^- 
frequencies   as   those    which   the   absorbing   snbstitnce 
would  itself  emit  under  suitable  conditions,  it  is  clear 
that  identity  of  absent  wave-frequencies  indicates  iden- 
tity iu  the  absorbing  media.     Hence  tlie  law  of  Stokes, 
developed  in  1859  by  KirohhofT,  enabled  the  process  of 
spectrum  analysis  to  l>e  np]»Iied  to  the  sun.     The  coin- 
cidence in  position  between  the  double  solar  line  /)  and 
the  double  yellow  line  of  sodium,  as  observed  by  Frauu- 
bofer   in   1817,   is   a   proof   that   the   wave-frequencies 
concerned  are  the  same  for  both.     And  therefore,  since 
no  wave-frequencies  are  known  to  be  c«>mmon  to  two 
different  elements,  this  coincidence  in  position  is  a  proof 
that  the  double  line  D  is  produced  by  sodium  existing 
in  the  sun,     KiYci\Aioff  U\pyp^oy^  nudevtook  an  elaborate 
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[iuveHtigiitioii  of  the  aolar  Bpeetrum,  uiappinf^  with  great 
care  nearly  3000  of  its  lines  by  lueiiuH  of  a  scale  attaelied 
to  his  spectroscope.  At  the  saiue  time  he  uu<lertook  to 
compare  the  position  of  the  bright  liiieH  of  tlie  spark 
spectra  of  several  of  the  inebilK  with  that  of  the  dark 
lines  of  the  snn  Hpectnini ;  usiu^  for  the  purpose  a  auiall 
reflection-prism  covering  the  iippf  r  half  of  the  slit.  As 
a  result  of  tln^so  comparis(jus  he  concliuled  that  sodium, 
iron,  calcium.  mi4piesium,  nickel,  bnrium»  coj)per,  zinc, 
and  probably  potassium  are  existent  in  the  sun ;  and  that 
gold,  silver,  niereurv,  aluminum,  cadiiiiuin,  tin,  lead,  anti- 
mony, arsenic,  strontium,  lithium,  and  silicon  are  not  pres- 
ent there.  In  ilie  case  of  iron,  for  example,  he  map]>ed 
no  less  than  4(50  lines  in  its  emirtsion-spectrum ;  and  to 
every  one  of  these  bright  lines,  there  corresjionded  ex- 
actly in  position  and  width  a  dark  line  in  the  solar  spec- 
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trntiK  This  coinciilenoe  of  the  lines  of  iron  with  solar 
lines  is  well  shown  in  Fiptire  187,  which  is  taken  from  ft 
photoj^raph  by  Trowbritlgo.  That  this  coincidence  of 
4*>0  lines  is  a  mere  chance  is  of  course  possible ;  but  tlie 
theory  of  probabilities  teaches  us  that  the  chance-h}'- 
pothesis  is  to  the  hypothesis  tliat  tliese  lines  are  caused 
by  iron  in  the  sun's  atmosphere,  in  the  ratio  of  1  to  2***j 
i-e,,  ecpiivaleut  to  a  positive  demonstration. 

Foncault,  in  1849,  had  reversed  the  yellow  double 
line  in  the  spectrum  of  the  electric  arc,  simply  by 
reflecting  the  image  of  one  of  the  carbon  points  through 
it ;  the  spectrum  then  showing  a  double  dark  line  in 
place  of  the  3'ellow  one.  Kirchhoff  interposed  an  alco- 
hol-flame containing  salt  in  the  path  of  the  rays  from  h 
calcium  light  and  observed  that  the  bright  double  line 
of  Hodiam  was  reversed  ;  Le.,  was  converted  into  a  dark 
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one.    Ou  trauHUtlttiug  8unlif;Lt  tLi'ou>;ii  the  alcoholfiaiat, 
it3  Bpeotrum  HhowpJ  the  liark  double  liue  D  greatly  in- 
crease*! iu  iiiteusity,     Kirclilirtft'  tLereupou  btjciuue  cod- 
viuced  that  the   plieuomeuou  of  dnrk-line    prodnetkin 
was  the  same  upon  the  suu  as  apon  the  earth  ;  ami  wm 
tlnia  led  to  his  celehrated  theon'  of  the  solar  couslilu- 
tioD.     This  theory  supposes  a  oeiitral  lutuinoni;  unclHih 
or  photosphere,  emittiug  all  wave-frequeucieH ;   and,  unr 
rouudiii^  this,  a   gaseous   euvelope,  called  the  chromft- 
sphere,  also  iulensely  hot,  emittiug  (^ly  the  wave-f  i 
cies  belougiug  to  ita  elemental  ti>ustitueuts.     Em........ 

the  radiatiou  from  the  phittos]>here.  in  order  to  reiu*L 
UH,  must  traverse  the  chromoKpliere ;  and  nni8t  tbert- 
I<>se  l»y  abaorption  tlie  wave-frequeuciea  charactemtir 
of  the  chromrispheric  elements.  Could  we  see  the 
phutoBphcre  alone,  its  speetrum  vrould  be  coutinuousi. 
Could  we  see  the  chronioHphere  alone,  its  spectrtiip 
would  conaist  of  bright  lines.  In  fact,  however,  we  see 
the  former,  only  after  its  light  has  travers<»d  tlie  latter, 
in  which  an  absorption  has  taken  place  so  as  to  revurw 
the  Hues.  During  tlie  solar  eclipses  of  1868  and  1869, 
when  the  bright  disk  of  the  suu  was  covered  by  iLr 
nK>on,  the  solar  edge  was  seen  to  consist  of  a  crimson 
layer,  massed  at  certain  points  into  protuberances,  the 
spectrum  of  which  did  actually  ctiu.sist  of  bright  lim**. 
In  1872,  Young  <d>served  'J7H  bright  lines  in  tJie  cliroiufr 
apheric  spectrum,  in  the  clear  air  of  Sherman,  VV.  T.,  at 
an  altitude  of  about  2500  meters,  and  identiHed  thf*iie 
lines  with  tlmse  of  127  elements. 

The  reflected  radiation  from  the  moon  and  planets  is 
identical  with  that  frf>m  the  sun,  except  in  so  far  as  il  ife 
moditiod  by  selective  absorption  upon  these  U'dies.  la 
the  case  of  Uranus  this  selective  absor])tiou  is  well 
marked.  The  radiation  emitted  by  the  fixed  sbirs,  lit|^ 
ever,  while  giving  a  spectrum  full  of  dark  al>Hnrpti^^| 
lines,  appears  to  be  more  i>r  k^ss  special  for  each  staf ; 
showing  that  while  in  general  the  lixed  stars  are  sniiS 
constituted  like  our  own,  yet  that  they  differ  in  the  de> 
tails  of  their  composition.     Thus  Hnggius  ha>i  sLovn 
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that  Aldebaniu  conbiiiiK  liiHinutli  and  tellurium,  ele- 
ineuts  not  fonud  iu  the  i^ntj,  while  bariuiii,  au  element  con- 
tained in  the  huu,  is  absent  from  the  ntiir.  Betelgeux  and 
fi  lVga*4i  do  uot  contain  hydrogen,  and  the  former  star 
do«4K  not  contain  silver,  roercur}',  cadminu),  lithium,  or 
till.  Moreover,  the  eolor  of  certain  stars  appears  to  be 
*lue  to  the  nmshing  of  the  absurptiou-iiues  iu  particular 
regiouH  of  the  Hpectrum.  Secsehi  and  more  recently 
Pickeriup  have  observed  Hpe<*trnm  similarities  in  the 
KtatH  which  have  enabled  these  astronomers  to  divide 
lill  of  them  into  foiir  groups:  ^1)  White  stars,  such  as 
Sirius ;  (2)  Yellow  stars,  like  the  sun  and  Capella ;  (3) 
Retl  and  urange  stars,  as  Betelgeu\  ;  and  (4)  Small  red 
stars,  giving  banded  sjiectra.  The  uebul»e  proper  give 
bright  line  spectra,  showing  that  they  consist  of  rarefied 
iucandesceut  gas.  The  spectnim  of  comets  is  also  a 
bright  line  (M*  band  spectrum,  the  bands  »h<»wing  a 
remarkable  identity  with  those  given  by  certain  hydro- 
carbons. 

41!>.  Kfl'eet  of  Motion  in  llie  Kadiatlii^  Boily. — 
\i  the  body  emitting  the  radiation  be  itself  iu  motion, 
either  to  or  from  the  observer,  evidently  the  effect  of 
this  motion  will  be  t«)  slnirten  the  wave-length  in  the 
former  case  and  to  lengthen  it  in  the  latter.  Since, 
tither  things  being  equal,  refrangibility  is  dependent 
njM>n  the  "wave-lengtli,  the  result  will  }>e  a  displacement 
<»f  the  chnracteristie  spcrlruni  lines  towari]  either  the 
more  or  the  less  refrangible  end.  In  a  <'.ontinnous 
spectrum  this  change  of  position  could  uot  be  detecte<l ; 
but  in  a  bright-line  or  a  ilark-Iine  spectrum  it  has  not 
only  been  detected,  but  measured.  Thus,  for  example, 
Lockyer  has  observed  changes  in  refrangibility  of  the  C 
and  j'^  lines  of  the  sun  spectrum  i'orrespondiug  to  a 
speed  of  163  kilometers  per  second  in  the  line  of  sight; 
and  Young  gives  400  kilometers  a  second  as  the  max- 
imum spi*ed  observed  by  him  ujkon  tht^  sun  by  means 
of  the  displacement  of  the  hydrogen  lines.  Zulluer 
contrived  a  reversion  spectroscope  for  the  purjxise  of 
ttiojisuriug  the  displacements  in  opposit*?  directions,  of 
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given  lineH  in  tlie  Hpectm  from  the  east  uiid  west  UmU 
of  the  HUH,  ami  iu  thiK  wuy  of  determiInl}^  the  tiiip 
aohir  rotutiou.  Autl  Crew  has  ohst-rved  u  sohir  ili-, 
meut  corre^poudlDg  to  a  speed  uf  roUitiou  of  3*9  kiiome- 
terB  per  second.  Hug^iiiH  applied  this  method  iu  tit 
iuveistigiitiou  upou  the  luotiou  of  the  Htjifs  iu  the  Uue  <>f 
sight.  He  observed  a  displacement  iu  the  F  line  n(  the 
spectrum  of  Siriiis,  for  example,  corresponding  to  an  lo- 
trrejuse  iu  the  wave-length  of  tliis  line  of  0*11  millii»ntli 
of  a  millimeter  ;  thus  proving  that  Sirius  is  recedinf; 
from  the  earth  at  the  rate  of  aljont  35  kilometers  a 
secoutl.  Pickering  has  observed  that  the  k  Hue  iu  tie 
spectrum  of  fi  Aurigie  is  alternately  single  and  double  At 
intervals  of  about  17  hours ;  thus  showing  thit»  star  U> 
be  double,  the  two  components  revolving  about  each 
other  iu  leHS  than  four  days  with  a  speed  of  240  kilome- 
ters a  second. 

420.  P^MMiUaHtien  «>1'  thv  PriKmatic  Spei'triitii.— 
The  ph(»noniena  of  the  irrationality  ctf  dispersion  auil  uf 
anomalous  dispersion  have  l>een  mentioned  (412).  In 
both  cases,  even  when  the  spectrum  is  of  the  same  length, 
the  distributir)n  of  it,s  parts  as  to  wave-frequency  in 
ditfereut  U)V  the  different  substances  of  wLich  the  prisms 
are  made,  the  order  of  refrangibilities  l>eiug  sometiiues 
actually  inverted.  Tliere  is  however  another  peculiaritv 
of  tlie  prismatic  spectrunif  at  least  iu  the  visible  portion, 
which  has  }»eeu  the  canse  of  wide-spread  error.  Thi^ifl 
the  fact  that  the  refrangibility  here  is  not  a  simple  liD»'»r 
function  of  the  wave-length.  If,  for  exaiuple,  the  posititio 
of  a  series  of  well-known  lines,  either  bright  or  dark,  be 
obhiTXi'd  in  a  spectroscope  provided  with  n  scale,  ami  if 
the  sc.ilc-nundiers  of  the  lines  thus  obtained  be  used  as 
ibscissas,  the  correBpondiug  M-are-lengths,  taken  from 

*  '  !,  .s.  Wing  niaile  onlinates,  a  curve  will  be  obtnineil 

thf*  distribution  of  wave-lengths  in  the  spectrum 

^^e  particular  ]>rism  employed.     This  curve  will  be 

-•^    toward   the   axis  of  abscissas;  thus  showing  a 

(if  wa%^««.|Angtbs  in  the  less  refrangible  region.  In 

the  amount  of  energy  in  this  regiou, 


iA  measured  bj*  the  bolometer^  is  greater  for  the  Hume 

ipectrum-leugkh  timii  in  vnxy  other  portiou  ;    a   result 

iriiicL  1ms  given  rise  to  the  erroneous  couutusion  that 

ilie  enPTgy-tnaximun]  is  in  the  ultra-red  region.     If,  on 

;he  otlier  hnud,  a  spectrum  be  eurstrnctetl  by  distribut- 

ug  its  lines  through  it  according  to  their  wave-lenj^ths, 

then  a  given  difference  of  distance  in  every  part  of  the 

bp»;otrum  will  correspond   to  n  given  difference  of  MHve- 

leugth  and  tlie  curve  representing  this  distribution  of 

wave-lengths   will    become   a   straight    line.      Such    a 

Bpectruiii  is  called  a  normal  spectrum. 

The  relation  between  wave-length  aud  refrangibility 

has   been   investigated   by  several   physicists.     Among 

fchese  Cauchy  was  one  of  the  earliest;  and  he  gave  the 

b        c 
formula   «=«  +  y, +  ro  i^  which  n  is   the   refractive 

index,  X  the  wave-length,  and  a,  h,  and  c  constants  to  Iw 

detenuinod  by  experiment.     The  agreement  l>etween  the 

resalts  of  observation  iiud  those  calculated  from  thia 

jquatiou  has  been  found  very  close  within  the  lindts  of 

ihe  visible  spectrum  ;  but  Langley  has  shown  that  the 

bnnnla  gives  impossible  results  when   ajjplied  to  the 

iifrn-red  regi(»n  of  the  spectrum.     In  fact,  since  b  and  c 

^re   b^)th   positive,  the  least  possible  value  of  n  is  m^ 

>btiiined  when  b  and  c  are  both  zero.     Hut  in  the  case 

>{  one  of  his  prisms,  in  which  o  —  1'5593,  this  loa«t  value 

corresponds  to  a  deviation  of  45°  35';  whereas  with 

prism  ha  has  actually-  made   boloraetric   measure- 

?nts  in  the  sun  sjiectrnm  as  low  as  44°.      The    best 

esnlts  he  finds   t<»   be    given   by  the   formula  of  Briot, 
t         _»         \-> 
—  ri4-ft      4-C--4-A'-;     although    at    the    limit    of 

'      X'         A*   '     n'  " 

56  millimeter  he  tinds  that  the  index  of  refrat^iou 
)econie8  very  nearly  a  linear  function  of  the  wave- 
eogtb. 


FBTSim. 


K — APPUCATI0518   OF  OFTICAIi   I'fUNCTPlJaB. 

4S1.  Optical  lustriiiiiPiUs. — Instruments  wliicb  de* 
pend  upon  optical  principles  for  their  mode  of  operation 
lire  called  in  the  general  uense  optical  iustrumentd. 
Their  essential  element  in  most  cases  is  a  lens  or  mirmr, 
by  means  of  whicli  the  rays  from  au  object  are  so  dt^vi- 
ated  as  to  secure  a  visual  advantage. 

422.    The    Microscope. — As    its    name    implies,  the 
microscope  is  au  iustiiiment  for  viewing  minute  objects 
under  au  increased  visual  augle.     The  simple  microscope 
consists  of  a  single  couvergiug  lens,  or  its  equivalent,  ao 
placed  that  the  object  is  between   the   principal  focuA 
and  the  lens.     Under  these  circumstances,  as  we  have 
already   seen  (406),   the    imiige    formetl    bv  the    lens  b 
virtual  and  erect,  and  is  larger  than  the  object.     Henc* 
the  lens  is  said  to  magnify  tlie  object    The  amount  of  luag- 
nitication  is  of  course  the  ratio  of  the  size  of  the  image 
to  that  of  the  object,  both  being  at  the  same  distauoe 
from  the  eye.     But  since  both  object  and  image  are  con- 
tained between  secondary  axes,  drawn  from  the  center 
of  the  lens,  the  size  of  i\\^  image  is  to  that  of  the  4»bj«ct 
e^ndently  as  the  distance  of  the  image  is  to  the  distanci^ 
of  the  object.     The  distance  of  the  image,  however,  is 
fixed  by  the  eye  itself.     For  normal  eyes,  an  object  to 
be  seen  most  distinctly  must  be  placed  at  a  distance  of 
25   to  30  centimeters ;  this  distance  being  called  ordi- 
narily the  distance  of  most  distinct  vision.     The  object 
therefore,  with  reference  to  the  lens  must  be  placed  so 
far  removed  from  it  that  its  virtual  iu»age  is  formed  at 
a  distance  of  25  or  30  centimeters  from  this  lens,     Thi* 
operation  is  called  focusing.     The  magnifying  power  i« 
then  represented  by  the  ratio  25/</  or  30/(i,  where  d  i» 
the  distjince  of   the  object  from   the  lens.     If  the  lens 
be  of  short  focus,  as  is  usually  the  case,  so  that  its  prin- 
cipal focal  distance  is  practically   the  distance  of  the 
object,  the   magnifying   j)ower   is   simply    the   ratio  of 
the  distance  of  moat  distinct  vision  to  the  focal  length. 
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Thns  a  leiis  of  10  ceutiineters  focuH  would  have  h  inug- 
'Xkifjing  power  of  two  and  one  half  or  tliree  linear;  the 
11  rtvruifWn^  power  being  greiiter  the  less  the  focal  length 
4-:  ihe  lens,  and  the  greater  the  distjince  of  most  distinct 
viKiou  of  the  observer.  The  reciprocal  of  the  focal 
length  is  sometimes  called  the  power  of  the  lens. 

Again,  iu  the  figure  (Fig.  188)  the  image  ah  subtends 
»t  the  eye  E  twice  an  angle  whose  tangent  is  ap/Ep, 


^ 


Fio.  \m. 

Th**  object  AB  placed  at  the  same  distance  would  sub- 
tend twice  an  angle  whose  tangent  is  AP/Ep.  Suppos- 
iu^  these  angles  small,  the  magnifying  power  would  be 
the  ratio  of  np/ Ep  to  AF/ Ep,f^rnp/AP  \  and  ap  ;  APll 
Op  :  OP  =/:/'•  Bnt  from  the  law  of  the  lens  I// ~ 
l/f  =  —  1/F'f  whence  the  magnifying  power,  which  is 
n^presented  hy///\  is  equal  to  1  -{~//E.  According  to 
this  the  m;ignifjiug  power  of  a  lens  of  2  centimeters 
focQH  would  be  y-|-l  or  16  diameters.  By  using  two 
phuio-convex  lenses  slightly  separated,  the  convex  sides 
facing  tlie  object,  l!ie  sphorical  abrrvation,  for  tlie  same 
maf^uifying  powpr,  in  much  diminished.  This  combina- 
tion is  known  as  WoUaston's  doublet. 

In  the  compound  microscope,  as  well  as  in  the  tele- 
8C4)pe,  it  is  the  image  of  the  object  which  is  magnified 
by  the  eye-lens  and  not  the  object  itself.  In  b<ith  cases 
this  image  is  formed  by  means  of  a  converging  lens 
called  the  object-glass,  the  object  being  placed  withtmt 
the  principal  focus  ;  hence  it  is  a  r»^al  image. 

Under  these  circumstances/ is  negative  and  the  ex- 
preKsiim  for  the  magnifying  power  becomes  1  ~//F.  In 
the  case  of  the  microscope^  however,  the  distance  of  the 
objiM't  is  less  than   twice  the  principal   focal  distance. 
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wlii]e  in   the  telescope  it  \»  greater.     The  luagiiiNiiif; 
]H>\vei'  therefore  will  ht*  greater  thun  unity  uuni* 
ill  the  former  caso,  where///*>2;  Le.,  where/ 
The  object  ia  coiisequeutly  mtigultied  in  the  cuseof  th« 
iiiicroBcope ;  wliile  in   the   telescope  the   real   image  u 
smaller  Ihau  the  object 

A  tH>nipouu»l  uiieroscope  (Fig.  189)  cotisintti  (1)  of  u 
«)hject-ghiss  or  objective  A,  whoae  functiou   is  to  form 
the  real  image  of  au  object  placed  At 
s  jnst  ontside  itn  priucipal  focus;  nnd 
(2)  of  Au  eye-lens  or  eye-piece  B,  which 
proilnces  a  maguitied  virtual  image  iif 
the  real  image,  the  latter  being  fonn*^ 
approximately  at  the  principal  foca* 
nf   the  eye-lens.     In  practice  both  the 
objective  ami  the  eye-piece  ai-e  thew- 
aelves  comjioiiud.     The  objective  ntJMf 
consist    of   two  or   three   achromatio 
leuses,    aud  the   eye-piece    of    two  or 
more  simple  lenses.     The  focal  length 
of  such  an    objective   is    that  of  tlie 
simple  lens  t(»  which  it  is  equivnieiit 
Two  forms  c>f  eye-piece  are  in  u*e,  one 
known   as  the  negative  or  Huygheue 
eye-piece,  the  other  as  the  positive  or 
liamsden  eye-piece.    The  negative  eve- 
piece  has  two  converging  lenses  called 
the  field-lens  and  the  eye-leus,  respect- 
ively, the  focal  length  of  the  former  being  three  tiroes 
that  of  the  latter,  the  distance  between  them  being  the 
diflference  of  their  focal  lengths.     The  field-lens  is  plnred 
next  to  the  objective  and  is  generally  a  meniscus;  the 
<^ye-len8  ia  planoconvex,  the  convexities  of  both  leuaes 
being  turned  toward  the  object     The  positive  eye-piece 
4'onsists  also  of  a  tield-leus  and  an  eye-lens,  both  plano- 
convex and  of  the  same  focal  length,  but  placed  with 
their  convexities  facing  e»ich  other,  Jind  at  a  distance 
iipart  equal  to  twt)  thirds  the  focal  length  of  either.     The 
Huygheuiau  eye-piece  is  called  negative  l>ecause  il  can- 
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■lot   be  ust?d  directly  to  view  nii  ohject.     Tlie  reni  iuiuge 
A4J  he  viewed  l»j  it  must  ho  f*>niifd  at  the  itriucipal  foctiH 
<">£  the  feve-lens,  and  tbereft»re  within  the  eye-piece  itself ; 
-w"h«re  alfto  cross-wires,  micrometers,  and  the  like  must 
lie  plnreil,  which  are  to  he  seen  simultHueously  with  the 
iinni^e.     After  its  construction  it  waa  found  to  be  oohvo- 
tnatic  when  both  lenses  are  made  of  the  sau»e  |:;IaKs.    The 
f<»cal   plane  of  the  lijiniHtlen  eye-piece  ou  the  ci»ntrary  is 
oatnide  of  the  tieldleus  and  at  a  distance  from  it  equal 
to  one  quarter  of  its  fDcal  length.     Tliis  eye-piece,  there- 
fore, viewtt  du'ectiy  the  injuj^e  formed  by  the  objective, 
together  with  the  cross-wires  or  micrumetric  ^raduiLtions 
which  are  in  the  same  plane  with  it.     And  hence  this 
form  nf  eye-piece  is  preferred  for  measurements. 

Th«'  nni^nifying  power  of  a  compound  microscope  is 
the  ratio  of  the  angle  subtended  at  the  eye  b^  tlie  ima(;e 
in  that  subtended  by  the  object,  both  at  the  distance  of 
most  distinct  vision.  Since  both  the  objective  and  tlie 
•lye-lotjft  magnify,  the  conjoint  niagnifyin*;  power,  bein^ 
the  product  of  that  of  the  objective  by  that  of  the  eye- 
lens,  is  greater  than  either.  Experimentally,  tin^  nnvgni- 
fyiug  power  may  be  ascertained  b}'  placing  a  micrometer 
ruled  to  tenths  of  a  millimeter  upon  the  stage,  and 
H  noting  how  many  divisions  of  a  millimeter  scale  at  the 
P  name  distance,  one  division  of  the  micrometer  covers. 
If  the  apparent  size  of  the  image,  thus  measured,  be, 

I  for  example,  ten  millimetei's,  the  magnifying  power  is 
i^videutly  one  hundred  diameters. 
4*^:5.  Tlie  Teleseope.— The  teleBco|>e  is  au  iustrument 
for  iucr<*aHing  the  an^^dn  under  whitdi  a  distant  obj«ct 
is  tieon»  The  object-glass,  which  is  achronnttic,  forms 
A  real  and  reduced  image,  which  is  magnified  by  the 
^•ye-piece.  Tlie  eye-pieces  used  with  the  telescope  are 
I  the  same  as  tijose  used  with  the  microscope.  For  astro- 
■  aioroical  purpoges,  the  object-glass  is  large  iu  order  to 
HHKQro  as  much  lif^ht  us  possible,  tlip  liglit  entering  the 
jHI^  being  in  the  ratio  of  the  sipiare  of  tho  iliametvr  of 
the  glass  to  that  of  the  pu[iil.  The  great  refractor  at  Uie 
Washington  Observntfiry  has  an  a]>ertnn^  of  0(5  centime- 
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ters,  tbnt  of   Pulkova  76  cendnieters,  and   that  of  tU 

Lick  Observiitiirv,  Ciiliforuia,  91  centiiuetei-H  ;  n' 
(ibject-gltkHw^s  Imviu^  boon  made  by  the  Clark  IJ: 
in   Cambridge.     Recently,  some  notable  object-gWo 
(»f  Jeua  ^liiH>^  iiiive  bf'ou  made  by  Bra>iliear  of  Alleghenj, 
from  curves  calculated  by  Hustings. 

Mirrors  have  alHo  beeu  uned  iu  teleKCupes  in  plai'e  of 
leuHOH.  Tho  images  whicli  tliey  give  nre  free  fn»iu 
chromatic  aberrati4»n  and  they  i-au  be  made  of  any  d^ 
sired  size.  The  great  rejector  of  Liird  Konse  has  » 
mirror  of  s|ieculuia  metal  Ifi  meters  iu  fi>cal  IcJil  ' 
IH'd  centimeters  acn>8.s.  Foucault  introduced  ^, 
inirront  of  glaas  and  Draper  cou8tructed  an  admiruhltt 
silvered  glasH  reflector  of  seveuty-oue  centimeters  a[>ei- 
ture.  The  glat>8  reflector  of  the  Paris  Observattiry  is  133 
ceutimeterK  and  a  new  EugliHh  reflector  is  213  ceuti- 
meters.  The  earliest  form  M'as  Gregorian,  iu  uhich  tlio 
light,  converged  from  the  great  mirror,  fell  <}n  a  setvmd- 
ary  concave  mirror  placed  iu  the  axis  of  the  iuljeiud 
beyond  its  fftcnH ;  and  was  by  this  reflected  to  tlie  ey*"- 
piece  through  an  opening  in  the  center  of  the  large  mir- 
ror, Subsequently  Newton  placed  a  plane  aecondiiA 
mirror  in  the  convergent  beam  near  its  focus,  this  mirmr 
being  inclined  45°  to  the  a\is  ;  and  thus  threw  the  iiuaj^ 
into  the  eye-piece  placed  ou  the  side  of  the  tube  nod  at 
right  angles  with  the  axis.  Cafisegrain  about  the  simrf 
time  modified  the  Grcgi»rian  form  by  using  a  couvri 
secondary  mirror  placed  within  the  focus  of  the  reflector; 
thus  shortening  the  telescope  greatly.  Finally  Herscbel 
tilted  the  mirror  slightly  so  that  the  rays  converged  *<» » 
focus  close  to  one  side  of  the  tube  :  the  observer  facing 
the  mirror. 

In  the  case  r>f  the  object-glass  of  the  telescopei 
/'  >  2F  and  hence //^  <  2  ;  hence  the  magnifying  |H)ner 
1  —//Fis  less  than  unity  and  the  image  is  smaller  tbiuj 
the  object  In  the  case  of  the  eye-piece,  the  magnifying 
power  is  1  -\-f*  /F'  as  the  focus  is  virtual.  Thus  \Fi^. 
190)  let  ah  be  the  image  of  the  object  AH  formed  by  tbe 
objeot>glas8  O.     The  auv;le  AOli  subtended  by  tlie  object 
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ater  uf  the  object  glusH  Ik  the  Kaiue  hh  aOh  Kill)- 

V  its  imiige ;  and  since  tlie  object  ia  at  a  great 
,  this  angle  AOB  will  not  materially  difler  from 

tended  at  the  eye  plai'ed  at  A'.  Since  the  angle 
^  bj  the  image  is  oEb^  we  have  for  the  magni- 

wer  the  ratio  aEh/aOb\    or   since  the  angles, 
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iniall,  may  be  replaced  b}'  tlieir  tangents^  the  ratio 

~0b  =  'lj/0j> ""  ^^/^^-     -^^  ''^''*'''  '^'*'^®'  ^^^^^ 

ing  i>ower  is  as  Op  to  £/),  or  in  the  ratio  of  the 

igthB  of  the  two  lenses.     If,  on  the  other  liand, 

;e  and  the  object  are  assumed  to  be  at  the  same 

from   the  eye,  i.e.,  at    the    distance   EP^   then 

A  'P/EP 
es  A\  the  ratio  is    ap / trp^ '*""*'  ^''"^  magnifying 

as  A'P  to  AP  ;  or  as  the  size  of  the  image  is  to 
of  the  object,  both  at  tlie  same  distance.  In  the 
the  telescope  the  magnifying  ])owi*r  is  the  ratio 
cal  Iffiigths  of  object-glass  and  eye-piece  F/F\ 
magnifying  p(»wer  m  of  the  object-glass  is 
and  that  uf  the  eye-piece  in  is  inversely  as  tlie 
tgth.     Hence  the  magnifying  power  of  the  coni- 

FfF'  must  eqnal  mm  \  or  is  equal  to  the  mag- 
K)wer  of  the  eye-piece  multiplied  by  that  of  tlie 

Ii86. 

e  Galileo  telescope,  now  comnnml^'  known  as 
a-glass,  the  eye-piece  consists  of  a  single  diverg- 
placeil  within  the  focus  uf  the  tdjject-ghiss,  the 
between  the  two  being  the  diflference  of  their 
Fugths.  The  convergent  rays  frnm  the  objcrt-glass 
made  ]iaralh'I  tu  thr  srcoiidary  axis  u^utu  w\\\ol\ 
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the  poiut  lies  and  the  eje  is  enabled  to  fonu  & 
irD;i^e  of  that  point.   The  image  in  this  telescope  ifi 
Hiid  the  iustruiueut  is  niueh  shorter  iu  length. 

In  terrestrial  telescopes  u  pair  of  cf)nvex  leneiesisii- 
trodwced  between  the  object-glass  and  the  ere-piewW 
the  purpose  of  inverting  the  iraagc.  They  have  th*^  haw 
local  length,  nn;  }>hiced  at  a  distance  apart  ei|ual  t"  tL* 
sum  of  their  focal  leu^tlis,  and  the  first  is  at  a  distance 
fi'oni  the  real  imaj^e  equal  to  its  focal  length.  Thev  aw 
usually  contained  in  the  draw-tube  wliich  carries  the  e1^ 
piece. 

Other  o]>tioal  instruments  might  be  described.    Bat 
tiie  practical  application  f>f  (>]>tical  principles  t*i  tliftroo- 
strnction  of  iustrumeutK  haa  been  sufHciently  di 
fi>r  our  purpose. 

4*-i4-  Tlie  Eye  and  VInIoii. — The  optical  portions  flf 
the  eye  are  (1)  the  crystalline  lens;  (2)  the  vitreoa* 
hnnior ;  and  (3)  the  aqueous  humor.  The  crystftllnw 
lens  I  (Fig.  191)  is  situated  near  tlie  anterior  Hurfhrtuf 
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the  eye  just  behind  the  iris  i.     It  is  double  convex  w 
form  and  is  5  to  0  mm.  in  diameter  ami  about  4  nun 
thick.     The  radius  of  curvature  of  the  anterior  aurface, 
on  the  average,  is  about  10  mm.,  and  that  al  the  ]yt^ 
terior  surface  about  G  mm.     It  consists  chietly  of  a  rIoK  : 
ulin  and  its  mean  refractive  index  is  1*45.     The  vitreoiral 
hum(»r  V  occupies  four  fifths  of  the  volume  of  the  c_it% 
beiujj;  bounded  by  the  lens  in  front  and  by  the  retina  r 
behind.     It  consists  of  a  thin  transparent   albumiiiotu< 
jf^lly  enclosed  in  a  delicate  membrane,  and  having  a  rr-i 
Tractive  index  i^l  IVA.    1\\*i  ^K\\\fe»:>w*  Uumor  o  in  t»oa- 
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frninpil  ill  tbe  a]iac*3  between  tJiP  antrrior  .Hurfnce  of  the 
1,:.^  jiUtl  the  ooruea  o,  this  sjjace  b*-^iu^  iih^ut  4  mui.  wide. 
It  IS  ii  dilute  Holutlou  (»f  tiuJiuiu  chlorult'  ct>iitaiuiuf;;sume 
iuiiiunl  ijiatter,  ha^  a  deusity  of  about  I'OOti  aud  a  refruc- 
live  iiidijx  iA  I'W,  The  Hiufacys  at  which  refractiou 
bkkHs  place,  therefore,  are  three  in  number:  First,  tlie 
uaterior  convei  surface  of  the  cornea,  whone  radius  of 
curvature  is  about  8  mm.;  Becoud,  the  anterior  Hurface 
of  X\\e  crvhtalliue  leus;  aud  third,  the  poHterior  surface 
of  thin  leiih. 

The  iuiAge  formed  by  this  optical  apparatus  im 
ceived  upon  tlie  retiua  r,  a  membrane  euvek^piu^ 
he  outer  surface  of  tlie  vitreoUH  humor  v  and  through 
hieh  rumifj'  the  tiual  elements  of  the  optic  nerve  h, 
ormally  this  image  is  brouf^ht  to  a  focus  exactly  upon 
he  retina,  when  the  object  is  not  nearer  than  '25  or  30 
Butiiuetcrs.  But  iu  soiue  caHcs  the  autero-posterior 
iamet^r  nf  the  eye  is  so  ^reat  that  the  image  is  formed 
ofnre  the  ray^i  reach  the  retina;  iu  other  cases  this  di- 
meter is  flo  8hoi;t  that  the  image  is  not  formed  at  ail, 
lie  rays  u<»t  jet  having  come  to  a  focus.  Iu  both  cases 
be  object  is  iudistinctly  seen.  The  fornjer  condition  is 
lied  myopia,  or  short-sigh tednese ;  the  hitter  hyperme- 
dia, i»r  lt>ng-sight4»duesH.  Evidently  the  use  of  a  cou- 
iTO  i>r  diverging  lens  will  remedy  tltis  defect  in  the  my- 
pic  eye,  and  the  nse  of  a  convex  or  converging  lens,  iu 
!••  hypermetropic  one.  Common  experience,  however, 
*ucheB  UH  that  the  eye  is  able  to  bring  U>  a  sharp  focus 
pon  the  retina,  the  imager  of  objects  differing  greatl}* 
■  re.  In  the  i-ase  of  an  i)rdinrtry  lens,  this  result 
■I'd  by  focusing;  i.e.,  moving  the  lens  itself  to  (»r 
Di  the  object.  In  the  eye,  however,  this  automatic 
I  '  ''Ut  for  ilistance — which  is  called  accozumodation 
.  ted  by  a  change  in  the  form  f»f  the  cry^fajline 
DA,  produced  by  contraction  of  the  ciliary  muscle  6, 
hieh,  operating  upon  the  suspensory  ligament  of  the 
us,  relaxes  it  and  thus  allows  the  elasticity  of  the  lens 
1  act  and  increase  its  curvatures.  This  change  may  1>6 
adily  observed  br  )fft/kht^  obh'qnely  into  an  e.\e  h\\- 
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juHted  for  a  remote  object,  a  caudle-dame  l>eitig  haikUj 
held  apou  the  oiLer  tdde  of  it.  Three  imageA  uFtiil 
flnine  will  be  aeeu  :  (l\  cue,  reflected  from  tli»^ 
bri^iit.erei^t,  aud  the  tirnt  iu  order  ;  {^2}  a  seooud,  i-  ■ 
from  the  anterior  and  convex  Hurface  of  the  1eii»,  &)m 
er«ct  but  lesH  brigltt ;  uud  (3)  a  third  iiunf^^',  rcfledeJ 
from  the  lumterior  coiumve  siirfafe  of  tlip  lens,  aud  there- 
fore inverted  in  position.  Ou  chaugiug  tlie  ndjustiueDt 
i}f  the  eye  uud  lookiug  at  f\  near  object  no  chant,;e  will  W 
noted  in  the  first  imaf^e  ;  while  the  tiecond  ntid  tliint 
imageH  will  become  distinctly  smaller,  the  change  lietng 
much  (greater  witl»  the  former.  Hence  it  follow*  that 
during  accommodatiou  no  change  taken  place  iu  the 
cornea,  but  that  the  crvHtalline  leU8  chau^ji  itK  fono, 
chiefly  ou  the  anterior  surface,  becoming  nmr«  convex  a» 
tlie  object  Ui  be  viewed  is  nearer.  SometiuieH  defecti\« 
vision  results  from  tlie  impei-fect  action  i»f  the  ciliAry 
muHcle,  HO  that  the  power  of  accommodiition  ik  dimb* 
inhed  or  loBt.  The  practical  effect  <»f  thi«  In  to  iucrtiiAi? 
the  leaht  distance  of  diHtitict  viHion.  ThiH  couditido  of 
things  in  called  presbyopia.  It  is  common  iu  old  af^. 
Tiie  range  of  accommodaticm  iu  uormal  eyes  i»  l)ettte^ii 
10  or  15  centimeters  as  a  miuimnm — this  value  IwiDg 
called  therefore  the  least  distance  of  distinct  visiim—Aud 
an  indetinitely  great  distauce  jik  a.  maNiiituni. 

Like  other  similar  optical  combiiinti(»us  with  spherical 
surfaces  the   eye   possesses   spherical   aberration.     In 
front  of  the  leus  is  a  circular  muscular  cnrt^iiii  called  tke 
iris  »,  through  Avhich  is  an  opening  called  the  pnpil.    By 
contraction  of  the  circular  muscular  libers  the  pupil  is 
contracted,  by  contraction  of  the  radial  tibers  itisdilntod. 
The   iris  thus  acts   the  part  of  the   dia]>hrHgni  or  Htop 
iu  an  optical  iustrument;  limiting  the  incident  rays  to 
the  central  portion  of  the  lens,  aud  thus  rf^lnciug  the 
sidiericai  aberrati<m  to  the  minimum  consistent  with  tlie 
admission  of  sufficient  light  for   distinct    vision.      The 
pupil  always  has  the  minimum  opening   neoessary  for 
this  purpose ;  and  hence  automatically  contracts  whfTi 
the    in.'iileut  \\^\ii  Vwcvevi^^*.  \\\  Nrnv^^VR^^^^^ivud  dilati^d 
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heti  it  decreases.  Aloreover,  the  cryHtalliiie  leuH  lia:» 
is  sni'fHce  vi  greater  radium  of  curvature  toward  the  iu- 
ddeut  li^ht;  the  position  in  whicli,  according  to  Herschel, 
itt  i^i^herioal  aberration  is  greatest.     Again,  though  the 

ns  (lecreases  in  deusity  from  the  ceuter  to  the  surface, 
U)d  therefore  decreases  in  refractive  power  also,  yet 
leither  tliis  nor  the  differences  of  curvature  on  its  two 
nrfjices  destroy  its  spherical  aberration. 

Again,  investigation  teaches  us  that  the  eje  possesses 
liroiiuitic   aberration  also.     If  a  distant  Hghti  such  as 
t  of  a  street-lamp,  for  example,  be  viewed  through 

>balt-blac  glass,  the  iniagu  will  appear  red  surrounded 
)y  a  ^nolet  halo.  If  a  liormal  eye  be  adjusted  to  bring 
red  liglit  to  a  focus  on  the  retina  from  an  indefinite  dis- 

nee,  it  can  do  the  same  for  violet  rays  oulj'  when  their 

'Urce  18  at  a  disbince  nf  ubout  sixty  centimeters.     In- 
deed  the  prmluctiou  of  color  in  images  formed  by  the 
>ye  may  be  observed  directly  by  covering  half  the  pupil 
Iritli  an  opake  screen  and  then  viewing  a  white  surface. 
'lie  edge  of  the  screen  will  appear  colored, 

lu  the  next  place,  tlie  curves  of  the  eye  are  not  truly 
D'Eutuetrical  with  reference  to  the  optic  axes,  B<»th  tht» 
Drnea  ami  the  lens  liave  different  radii  of  curvature  in 
liflerent  planes  and  hence  their  surfaces  being  m<tre  or 
tss  el1i]>tic^l  are  not  figures  of  rev(»lution.  Besides  this 
Ley  are  not  well  centered.  Hence  arises  the  defect  in 
riHiiui  kuuwu  as  astigmatism,  present,  to  a  marked  degree, 
11  many  eyes  otherwise  normal  ;  a  defect  which  pre- 
reut«  horizontal  and  vertical  lines,  for  example,  fronx 
H^iug  in  focus  at  the  same  time.  If  a  series  of  eon* 
^ntric  circles  be  looked  at  by  an  astigmatic  eye,  two 
lect^^rs  of  indistinct  and  two  of  distinct  lines  will  be  }>er- 
9eived,  the  direction   of  which    with    the    vertical   will 

termiue  the  (>ositioa  of  the  plane  of  maximum  itnd 

inimum  curvature.     This  defect  maybe  corrected  by 

e  use  of  lenses  with  cylindrical  surfaces. 
The  retinal  surface  xipou  which  the  light  falls  rests 

»<»n  the  choroid  mem]>raue  /»,  which,  as  well  as  the  ex- 
iii  layiM-  of  the  rHiua  itself,  contains  dark  bruwu  or 
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Ithick 'pigment  celU,  n»  au  abHiirbiii^  layer.  The  point  &t 
which  the  optic  nerve  enters  the  eye  w  itrtelf  iiiBensitiT«Ui 
light  autl  in  calli^d  the  blind  spot.  The  ^u{>  in  tht*  fielil  nl 
viHiou  thus  protlueed  in  almut  H^  iuit.s  aupulnr  horixouul 
ilimeusion  and  8°  iu  its  vertical  dimension.  It  its  therefore 
large  enough  to  prevent  our  seeing  eleven  full  moorwif 
placed  side  by  »ide,  or  a  man's  face  at  a  distance  itfsU 
or  Meveu  feet  (von  Helmholtz).  Just  outside  of  tLLs  hlisd. 
Hpot,  and  two  or  three  millimeters  distant  from  it.  ' 
rxartly  in  the  axis  of  the  eje,  ih  the  seat  of  most 
Yisiou,  the  yellow  spot.  In  the  middle  of  this  spot  is  % 
depression,  the  fovea  centralis,  where  the  retina  is  reduL*e<l 
ti>  those  elements  almie  whieli  are  nei^essary  for  exact 
vision.  In  angular  diameter,  it  corresponds  iu  the  field 
(»f  vision  to  that  subtended  by  the  tinger-uail  at  arm* 
length.  The  condition  of  seeing  an  object  distinctly  is 
simply  that  its  image  shall  be  brought  to  n  focus  u])on 
this  precise  spot ;  so  that  when  we  look  at  an  object,  we 
simply  so  direct  the  axis  of  the  eye  with  reference  toit» 
that  this  result  shall  be  secured.  C<m8e<pieutly  the  field 
of  direct  vision  ia  exceedingly  limited,  the  surrounding 
parts  of  the  retina  being  able  to  afl'ord  only  indirfct 
vision.  This  defect  is  com}>ensnted  for  to  a  cousidemhle 
extent  by  the  rapidity  and  precision  with  which  the  eye 
can  be  directed  to  various  parts  of  the  field  of  vision  in 
successiou.  Indeed  so  jierfectly  is  this  accomplisbed 
tliat  it  is  oulj'  after  much  practice  that  we  can  avoid  loitk- 
ing  directly  at  an  object  which  we  wish  to  see  indire«tlT, 
or  can  keep  the  eye  fixed  upon  a  given  point  for  niiT 
length  of  time. 

The  elements  of  the  retina  which,  being  the  emi- 
organs  of  the  optic  nerve,  are  directly  stimulated  by  tlie 
luminous  disturbances  falling  upon  them,  are  the  rods 
and  cones  descnbed  by  Hchultze.  Both  consist  of  tuo 
portStms ;  an  inner  one,  fusiform  i>r  spindle-shaj>ed,  ajid 
au  outer  (»ne,  cylindncal  in  the  case  of  the  rods,  slightly 
conical  in  the  cones.  In  both  the  outer  portion  is  double- 
refracting,  the  inner  single-refracting.  Both  ])i>rtions 
are  h)Uger  in  t\ve  voAa  tWu  \\\  iVve.  coues,  s<i  that  the 
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former  project  beyond  the  latter.  The  average  dinuieter 
of  the  couefi  i»  from  •(X)4  to  '000  niillimeter  aud  that  of 
the  rods  from  'OOlo  to  (HUS  niillittieter.  While  in  thn 
ri'tiuul  sarfttce  geuorallv,  the  rods  are  more  iJumer<»uH 
iliau  the  COUCH,  they  are  entirely  abHeut  lu  the  yellow 
A|K>t;  the  cones  in  the  fovea  centralis  being  packed  very 
tdosely  together.  If  the  retina  iuis  been  kept  in  the 
dark,  it  will  be  found  to  be  of  a  purpUsh-red  color  ;  and 
under  the  microHcope  this  coh)r  will  be  found  limited  to 
the  outer  portionH  of  tlie  rods.  Con.seqnently  the  depth 
of  retinal  color  will  be  in  direct  proportion  to  the  number 
of  roiltt  in  any  ^iven  jiortion  ;  and  lieuce  the  yellow  color 
of  the  centra]  spot  whtieonlj-  cones  exist.  Tins  purple 
coloring  matter*  calh'd  by  Kiihne  visual  purple  or  rho- 
'dopHin,  IH  readily  bleached  by  light.  So  thiil  Kiihne  ob- 
tained optograms  of  extenud  4}l>jecks  by  exposing  the  eye 
Df  a  recently  killed  rabbit  to  a  source  of  light  such  as 
iXxt^  opening  in  a  shutter;  and  then,  after  removing  the 
BxpoHed  eye,  Inirdening  the  retina  aud  tixiug  the  imnge 
irith  a  solution  of  nluni.  On  examining  the  surface,  a 
clear  white  image  i>f  the  opening  in  the  shutter  was 
riflible,  upon  a  lieautiful  rose-red  gronml. 

4:£A.  Time  required  (or  Vision.— The  time  required 
lor  (be  production  of  a  visual  impression  is  dependent 
of  course  upon  the  intensity'  of  the  incident  light ;  hut 
IH  in  any  case  very  short.  If  the  light  be  faint,  as  much 
fts  half  a  second  may  be  required ;  while  a  Hash  of  ligjit- 
uiiig  lasting  less  than  one  millionth  of  a  second  renders 
tnsibie  an  entire  landscape.  Langley  has  recently 
det-ermined  the  total  energy  required  t*>  produce  the 
nensation  of  vision  in  dillerent  parts  of  the  spectruEn, 
He  finds  that  while  the  sensation  of  green  can  be  ex (fi ted 
by  an  amount  of  euergj'  represented  by  one  humlred- 
luillionth  (IMMIiMMIOl)  of  an  erg,  the  sensation  of  crimson 
requires  one  thousandth  ('001)  of  an  erg  ;  or  one  hundred 
tliousjind  times  as  much.  In  other  words,  the  saine 
ninount  of  energy  nmy  produce  at  least  a  hundred  thou- 
sanil  limes  the  visual  effect  in  one  color  of  the  spectrum 
that  it  d*»f*s  in  another.     Moreover  it  ap|>ears  from  these 
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ex()erimeuU  that  the  eye  eau  perci^ive  li^iits  vbfw« 
ititeuKitipH  vary  in  tho  riLtio  ol  cmo  U>  one  thotitiHad  mil- 
lu)u  milliou.  The  durutirtii  of  an  iuipreHsion  ouce  pro* 
ducml  i.H  uiuoh  greater  than  that  of  tlie  tiiiio  of  iu-tioo. 
Thus  fur  stioMj^  lights,  two  succeHsive  flashes  cannot  1m 
lUstin^uisiied  as  separate  unless  they  follow  each  otlier 
at  au  interval  greater  than  from  one  thirtieth  to  out 
iiftieih  i>f  a  second  ;  wjiile  for  ordinary  li<(ht8,  two  neitia- 
lions  fuse  into  one  if  they  lire  as  far  apart  as  even  one 
tenth  of  a  second.  This  phenomenon  is  kiiown  as  the 
periiatenoe  of  Tision  and  is  well  seen  in  the  simple  ei|wri- 
nient  of  ujoviuj^  a  Inminons  pniut  rapidly  in  a  circle. 
Upon  this  principle  are  based  the  toys  known  as  tlie 
thauniatrope,  zoetrope,  and  plieuakisticope,  i\s  woll  as 
the  stmboHtopic  method  of  physical  inve8ti)j[ation. 

4t24S.  l>uUcucy  of  VlHioa»-i-The  limit  upon  thereliiiA 
•where  two  sensutious  cease  to  bo  diHtint!t  and  apjiearaa 
t)ne,  determines  of  course  the  distinctness  of  Wsioii. 
Ordinarily  two  stars  whose  angular  distance  is  less  th&o 
sixty  seconds  appear  as  one.  Two  parallel  lines  wbcie« 
augular  distance  is  seventy  seconds  are  indistiuguibLable 
as  separate  objects  by  even  the  best  eyes,  X<iw  siae^ 
an  angle  of  seventy  seconds  corresjwnds  to  a  retinal  di*» 
tance  of  '005  millimeter,  it  would  seem  that  the  minimnni 
visual  area  just  given  agrees  very  closely  with  the  dis- 
tance between  the  centers  of  two  adjacent  c<mes.  Agaiu, 
it  has  been  shown  that  the  smallest  difference  in  leugtb 
M'liich  the  eye  can  detect  between  two  lines,  f<»r  exampW, 
is  not  au  absolute  quantity  but  a  ratio.  The  smallest 
ditfcreuce  in  illumination  between  two  surfaces  is  ahoat 
one  hundredth  of  the  whole.  The  minimum  differc»uv 
between  two  objects,  one  a  centimeter  long  and  the  other 
a  trido  less,  bears  the  same  ratio  to  the  centimeter  that 
the  smallest  detectiblo  difference  between  two  objects  a 
meter  long  bears  to  the  meter.  In  general,  the  law  of 
Weber  states  that  the  smallest  increase  of  sensation 
which  the  eye  can  detect,  as  the  stimulns  is  steadil}*  in- 
creased, remains  always  tlie  same,  so  long  as  the  ratio 
of  increase  to  the  total  stimulus  remains  constant 
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4:57.  Color-i***iiH«tloii. — The  BeuHatiou  of  color  de- 
peuiltt,  as  ve  have  seen  (353),  eutirelj  upon  the  wtive-fre- 
qneiioy  of  the  inculent  radiation,  the  slowest  vibratious 
prodaciug  the  seusatiou  of  reil,  tlie  most  rapid  thiit  ctf 
Tiolet.  So  that  wheu  comph-x  rudiutiou,  coiitainiug  all 
wiiv«>-fr*^queneies  within  the  riiuge  of  visiou,  falls  upon  the 
retina,  tlie  sensation  la  tliat  of  white  li^^ht.  But  the  ero 
Ixas  no  power  of  analyzing  the  light  which  it  receives. 
It  cannot  distinguish,  for  example,  between  the  white 
which  is  produced  by  the  union  of  scarlet  light  with 
bluish  green,  that  whicli  is  composed  of  yellowish  green 
i^ud  violet,  that  which  results  from  a  mixture  of  yellow 
and  ulti  amariuQ  blue,  or  of  red,  green,  and  violet,  or  that 
■wliich  is  obtained  by  mixing  together  all  the  colors  of 
the  Kpe<Hrum  (von  Helmholtz).  And  yet  a  stirface  illn- 
miUAted  simultaneously  with  scarlet  and  blnisli  green, 
while  appearing  equally  white  \Nith  another  Tij>on  wliidt 
yellowish  green  and  violet  fall,  would  a})pear  black  in  a 
photograph  ;  the  second  8urf»wte  appearing  bright.  Ixx 
the  same  way  a  mixture  of  the  wave-frequencies  known 
BM  red  and  ytdlow  produces  the  sensation  of  orange,  not 
distinguishable  by  the  eye  from  that  of  the  spectium. 
Ut  these  colors  objectively  are  entirely  different  The 
ctrum  orange  is  a  separate  and  distinct  wave-fre- 
qneucy,  incapable  of  production  from  any  other  wave- 
frequencies.  "  Earli  jiarticular  kintl  of  3'ellow  may  bo 
auv  one  of  an  infinite  uunibei'  of  dillVMent  combinations 
of  homogeneous  rays  "  (Tait).  Since,  therefore,  like  sensii- 
tious  are  excited  by  quite  unlike  stimuli,  it  wotdd  seem 
pn>l>ab]e  that  all  sensations,  even  those  prrwluced  by  a 
nugle  wftve-fre<juency,  are  of  a  mixed  character.  The 
methods  a<lopted  for  studying  the  color-sensation  pru- 
dure«l  by  a  mixture  of  col(»rpd  lights  are  three  in  number  : 
The  Jirst  and  simplest  L«  tliat  of  von  Uelmholt/,  which 
coDAists  in  placing  a  flat  sheet  of  glass  vertically,  one  of 
the  Ci>lorH  beiu^4  on  one  side  of  it  and  the  other  upon 
the  other;  the  glass  l>eing  so  placed  with  reference  to 
the  eye  that  the  light  from  the  further  coh)r  shall  bi- 
transmitted  througli  it,  while  that  from  the  uearer  color 
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fihall  be  reflected  from  ifc»  bolli  along  iLe  line  of  visioo. 
The  second  is  the  well-known  color-top  of  Maxwell ;  in 
which  pairs  of  disks  of  the  various  colors,  ulit  radiaiU 
H<j  that  tlie  angular  ratio  of  the  two  bectors  mtvy  hr 
indetinit^^Iy  varied,  are  placed  on  the  axis  of  a  heavv  top 
aud  so  given  a  rapid  rotfvtion.  The  third  method,  whicb 
is  also  due  to  vou  Holmholtz,  was  u»ed  hjr  hiin  for  mix 
iug  the  jiure  colors  of  the  spectrum.  It  consists  in  tbe 
use  of  a  slit  ctrntsisting  of  two  portions  at  right  auglea  to 
each  other,  each  being  inclined  45"  to  tlie  vertical.  Tli« 
prismatic  spectrum  produced  by  e^lch  half  of  such  a  slit 
is  of  course  ol>Iique,  the  axis  of  the  prism  being  verticaL 
These  two  oblique  spectra  are  superposed,  and  in  s.qc1i 
A  way  that  each  color  of  the  one,  say  the  green  for  ei- 
auiple,  rests  in  some  part  of  its  length  upon  each  of  tli4 
colors  of  the  other  in  succession.  And  in  this  war  Ui« 
cora|>onnd  color  resulting  from  the  su{>erpOHitiou  nmr 
be  studied  at  the  various  intersections. 

Since  each  color  of  tlie  spectrum  has  its  own  wavv- 
freqnency,  it  is,  as  has  been  already  stated,  a  sitnpl^ 
culor,  incapable  of  any  further  decomposition.     HeDM 
any  attempt  to  distinguish  spectrum  colors  as  prinmrj 
aud  secondary  is  unscientidc.     But  it  is  otherwise  with 
color-sensations.     It  has  been  proved  by  the  spectnim 
experiment  of  von  Helmholtz  above  mentioned,  thai  the 
Hensatiou  of  yellow  may  be  excited  by  the  simultanennA 
action  of  red  and  green  ;  and  that  of  blue  by  the  siraikr 
action  of  green  and  violet.   Hence  by  selecting  red,  greeu, 
and  violet  asprimary,all  (^olor-sensationsmaybeproducptl 
from  them.     This  theory  of  color-sensation  originated 
with  Young  in  the  early  part  of  the  jiresent  centurA',  but 
its  present  prominence  in  science  is  due  to  the  researche.^ 
of  von  Helmholtz.     The  theory  supposes  that  there  are 
in  the  retina  three  kinds  of  end-organs,  one  of  wliicli 
when  excited  produces  the  sensation  of  red,  the  sec^uid 
tlie   sensation    of   green,   and    the    third   that  of  violet 
Moreover,  the  first  set  are  excited  most  strongly  by  hvw 
wave-frequencies,  the  sectuid  by  wjives    of   intermediate 
frequency,  aud  the  third  by  hi^h  wave-frequency,    Wbeu 
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the  first  luiti  ^coikI  are  Mimultaueously  excited,  the  color- 
sensaiiou  of  yellow  results;  auJ  wL&u  the  second  aud 
third  are  stimulated,  blue  is  perceived. 

•t-*.2K.   Colur-lj]ju(tiieHi4.  —  Subjective     Color.  —  Two 

Btriking  phenumeua  are  well  explaiued  by  thi&  theory^ 
Oue  of  these  Is  color-blinduess ;  the  other  is  subjective 
ooK>r.  Color-blinduess  is  a  defect  of  visiou  which  pic- 
veuts  the  subject  of  it  from  distingui^hiug  colors  from 
one  another.  Tlie  most  coramou  form  of  it  is  red-bliud- 
ness  :  a  complet*?  iuability  to  recognize  the  cohir  <if  red. 
To  such  persons  the  scarlet  flowers  of  the  i^erauium,  or 
the  rich  rod  fruit  of  the  cherry  or  strawberry,  are  distiu- 
giiishable  from  the  leaves  only  by  tlieir  form.  Scarlet, 
tiefth-color,  whitt^.  and  bluish  green  apj)ear  to  theui  iden- 
tical, differing  if  at  all  ouly  in  shade.  They  cannot  dis- 
criminate bf^tweeu  the  danger-signal  of  red  anil  the 
Btofety-signai  of  green.  All  the  colors  visible  to  them 
nve  varieties  of  l)Ine  and  green ;  i.e.,  lliose  which  result 
from  mixtures  of  tliese  colors.  Evidently  ou  the  Youug- 
Hehnlioltz  theory,  ctdor-blind  jtcrsons  have  eyes  deficient 
iu  one  or  another  of  the  three  end-organs  above  men- 
tioned. The  end-organs  excited  by  waves  of  long  period 
are  absent  from  the  retina  of  a  red-blind  eye  ;  or  if  jjres- 
Atti  are  inactive.  Hence  only  those  producing  tJie  seu- 
■Mious  of  green  and  violet  remain  effective ;  and  the 
P|)er8ou  sees  all  objects  either  uncolored  or  o^^dorod  violet^ 
green,  or  some  mixture  of  the  two,  Green-blindnesa  and 
YioIet-hliudDess  have  been  observed,  but  have  not  been 
OH  cr»m])letely  studied. 

Subjective  color  is  due  to  retinal  fatigue,  u|k>u  the 
ibeciry  under*  discussion.  If  half  of  a  wlute  sheet  of 
paper  be  covered  with  a  black  sheet,  and  the  eve  be 
fixed  on  a  point  i)f  the  former  near  the  center  for  30  to  00 
Beoouds;  then,  ou  suddenly  withdrawing  the  black  paper, 
still  keeping  the  eye  on  the  point,  the  newl^-  exposed 
kialf  of  the  sheet  a]>pears  of  a  brilliant  white.  Here 
evidently  the  exprmed  portion  of  the  retina  has  become 
fatigued  aud  the  impressiou  upon  it  enfeebled  ;  as  the 
HUpt^rior  brightness  of  the  second  half  of  tiu^shoct  ])roveSy 
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wLeu  it  lA  exposed  to  u  freslt  portion  of  tlie  retiuid  !>Qr* 
fiuse.  So  fatigad  iuav  \>e  partiu).  If  the  eye  be  tixed  i  ir 
tliirty  or  more  secouvlH  tin  ii  Ktroiif^ly  illuiiiiuuted  n^ 
wa'fer,  and  then  views  a  ailieet  of  white  paper,  a  bluisli- 
j4re«?u  imiif^H  tjf  thc^  wafer  will  ap{)ear.  Here  the  redoud- 
organs,  haviu}^  lioen  fatigued,  are  unable  to  Hupply  tlit^ir 
hhare  of  the  eH'ect  prudntred  by  white ;  and  the  uiifati^ued 
j^ieeu  and  violet  etid-*)rt?ans  produce  a  predomiuatiuj^M- 
fect.  These  after-images  are  carten  of  succeBsive  oolur-^uA- 
trast.  Again,  if  a  screen  be  illtiiuiuated  from  two  BouroM 
«»f  light  one  of  which  in  colored,  it  will  be  found  tlut  if 
nu  opiike  object  be  iiaterponed  between  the  uiicolonHi 
itource  and  the  screen,  its  shadow  upon  the  screen  will 
have  a  color  complementary  to  that  of  the  other  sounv. 
This  color  is  |>urely  subjective,  since  it  has  no  eitertial 
exiateuce  but  is  produced  solely  by  the  ])repoudeniticr 
of  the  action  of  the  uufatigued  over  the  fatigued  end- 
(U'gaus  of  the  retina.  This  result,  which  is  well  sppu  nu 
laying  a  piece  of  tissue-paper  upon  black  letters  ])riot«^<l 
on  a  colored  ground,  is  called  aimiiUaneoiia  color-coiitraHL 
From  the  same  cause  come  the  laws  of  the  harmony  nud 
oontrast  of  color.  Com]>lementary  colors  are  most  Buit* 
able  to  be  lissociated  together,  because  each  of  them 
strengthens  the  other.  A  reil  fabric  apiHtars  much 
brighter  after  a  green  one  has  been  looked  nt,  but  much 
iveaker  after  an  orange  one. 

Ingeuio)is  us  this  theory  is,  it  must  lie  regarded  as 
purely  provisional.  Its  basis  is  physical,  not  phynio- 
logical  or  anatomical.  No  such  distincti<m  of  end- 
elements  as  it  vecpiires  can  be  found  in  the  n:*tiba. 
'*  We  are  entirely  in  I  he  dark,"  says  Fostfer,  ''concern- 
ing the  anatomical  basis  not  (miy  of  color-sensatioofi 
but  also  of  visi<»n  as  a  whole.**  In  the  eyes  of  birds  and 
reptiles,  Schultze  fniiud  retinal  cones  having  n  drop  of 
ruby-red  oil  at  the  junction  of  the  two  portions ;  othere 
having  drops  of  orange-yellow  and  greeuish-yellow  oil 
at  the  same  j)oiiit.  It  has  also  been  observed  that  the 
bleaching  effect  of  light  upon  the  visual  purple  is  great- 
f»st  for  the  ^reeuvsU-^ellow  i*ays;  ue.,  those  which  are 
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most  reatlilj  absorbed  by  tlie  color  itnelf.  But  the 
Tisual  purple  is  absent  from  the  cones ;  those  eud-orgau8 
which  alone  are  found  where  vision  is  most  distinct. 

42U.  Visiinl  Perception. --Behind  the  sensation  there 
Sa  n  perception.     The  mind  combines  the  Keusatious  into 
an  idea.     The  idea  of  size,  for  example,  is  derived  from 
the  visual  angle,  or  the  angle  subtended  in  the  iield  of 
vision  by  the  object.     The  field  of  vision  for  a  single  e3'e 
is  very  large,  being  IfiO^  laterally  and  120*^  vertically. 
For   both   eyes    it  is   somewhat    more    than    two   right 
MQgies,  ite  extent  being  increased  by  movement  of  the 
eyes  themselves  up  to  2fiO°  in  tlie  horizontal  and  200*' 
in  the  vertical  direction.     Olnionsly,  at  tlie  nodal  point 
or  the  optical  center  of  the  eye,  tlie  image  on  the  retina 
Kubteuds  the  same  angle  as  the  external  object.     From 
the  actual  size  of  the   retinal   image,   therefore,  deter- 
mined by  sensation,  we  may  infer  the  angle  which  the 
.object  snhtends  ;  i.e.,  the  apparent  size.     But  this  angle 
\H  a  function  not  only  of  the  real  size  but  also  of  tliB 
distance.     All  objects  subtend  the   same  angle  if   the 
ratio  of  size  to  distance  be  constant.     In  order  to  form 
M  judgment  of  the  real  size  <»f  an  object,  therefore,  its 
lUnUince  must  be  known  or  assumoil.     The  perception  of 
ilisUince  by  the  eye  is  very  imperfect,  as  is  seen  if  we 
attempt  to  thread  a  needle  with  one  eye  closed,  or  to  ]tas8 
the  en*!  of  a  rod  bent  al  right  angles  through  a  ring  placed 
At  arm's  length.   Hence  our  judgments  lieing  at  the  mercy 
•if  two  variables  are  frequently  unreliable.     Tlie  moon, 
for  example,  appears  larger  upon  the  horizon  than  in 
Uie  zenith,  evidently  because  we  assume  unconsciously 
n  greater  distance  for  it  in  the  former  case.     So,  in  the 
opinii>u  of  dill'ercnt  individujJs,   the   size  of   the   moon 
high  in  the  heavens  varies  from  the  size  of  a  ten-cent 
piece  to  that  of  a  cart-wheel,  according  to  the  idea  pre- 
viously  formed  i>f  its  distance,  compared   witli   that  at 
which  thes«  common  objects  are  generally  viewed.     And 
»fly  moviug  dose  to  the  eye  may  by  an  error  of  jutlg- 
raent  as  to  distance  be  mistaken  for  an  eagle  flying  amid 
the  chmds.     Of  two  eipial  sfpnireft,  (»ne  striped  vertically 
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And  i\iG  other  liorizoatiiliy,  tlie  latUrr  will  nppeAr  liiffli» 
auci  the  forinor  broader  thua  the  r>ther.  Hence  the  effe«i 
of  horizoutul  stripes  iu  iheHH  is  to  increase  the  appart^nt 
heiglit  of  thtj  iudi vidua],  aud  stixit  per^ouH  avoid  luiigi 
indiiial  stripes  for  a  Himilar  reason  (Foster). 

The  perception  of  dintauce  is  greatly  facilitated  hj 
Uie  use  of  two  eyes.  The  only  means  of  estimating  dis- 
tance possessed  by  a  single  eye  is  that  due  to  the  mos- 
calar  sense  in  prtnlucin^  the  necessary'  aircominodatioti. 
But  with  two  eyes  their  axes  are  made  to  converge  upon 
the  object,  this  convergence  boin^  greater  as  the  ohject 
is  nearer.  By  this  action  tlie  images  in  tlie  two  eyenfiili 
ou  corresponding  points  in  the  retina,  and  so  we  perceire 
one  object  and  not  two.  The  muscuhir  effort  requirwl 
to  produce  the  necessary  convergence  by  motion  of  the 
ayes  Iheniselves,  ia  the  basis  upon  which  our  estimate  of 
4listauce  rests.  And  the  judgment  founded  on  the 
niuNcular  sense  is  of  course  a  matter  of  education.  TLe 
delicacy  of  this  appreciation  of  distance  appeara  iu  oar 
estimation  of  solidity.  A  vertical  circle,  for  example,  is 
ilistiuctly  seen  all  at  once  because  all  portions  of  it  aiv 
equally  diataut.  But  a  sphere  appears  solid  because  we 
are  conscious  of  the  different  optic  convergence  reqnirwl 
to  see  its  different  parts  distinctly.  The  perception  of 
solidity  is  much  assisted  by  the  reflection  of  light  from 
the  object ;  so  that  raised  surfaces  may  be  made  to 
appear  depressed,  and  vice  vei'Ha,  by  a  suitable  manage- 
ment of  the  light  This  fjvct  is  fully  recognized  in  draw- 
ing, since  upon  it  the  principles  of  shading  depend. 

4;JO,  Perception  of  Itelief. — Another  important  fact 
contributing  to  the  perception  of  solidity  is  that  the  two 
retinal  images  formed  by  a  solid  Imdy  are  different,  iu 
consequojice  of  tlie  different  positions  of  the  two  eyet* 
with  reference  to  it ;  these  two  different  images  being 
mentally  combined  into  one.  If  a  truncated  cone  he 
looked  at  with  the  two  eyes,  evidently  the  right  eye  will 
see  the  top  displaceil  slightly  to  the  left  and  the  left  ©yt 
■will  see  it  disphice»l  to  the  right  as  in  the  diagrams  (Fig. 
192)  given  belo\».     Couvevwely,  if  two  circles  be  drawn 
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exceutricftll}'  as  iibovp.  nnd  no  screened  by  the  finger,  for 
example,  that  the  right-hand  tigure  C  is  seen  only  by  the 
right  eye  and  the  left-hand  figure  A  only  by  the  left  eye^ 
then  on  opening  both  eyes  the  two  figures  will  combine 
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to  produce  the  central  symmetrical  figuri*  /?  but  in  which 
the  central  circle  will  appear  raised  above  the  phiue  of 
the  outer  one  ;  i.e.,  the  appearance  of  the  truncated  cone 
will  be  reproduced.  Conversely,  if  the  outer  figures  be 
exchanged  so  that  the  right  eye  sees  the  central  circle 
displaced  to  the  right  and  the  left  eye  sees  it  displaced 
to  the  left,  the  combined  image  instead  of  being  one  of 
relief  will  be  one  of  depression. 

431.  itctlcrtiii^  niid  Rcl'rHcttii^  StercoHcopes. — 
This  is  the  jirinciple  of  the  stereoscope,  which  is  an 
iustrumeut  by  means  of  which  two  slightly  different  pic- 


tures of  an  object  may  be  combined  so  as  to  produce  the 
effi>ct  of  solidity  or  relief.  In  the  reflecting  stereoscope, 
the  ori|pljud  form  devised  by  Wheatstone  (Fig.  193),  two 
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plane  mirrors  Im  aud  run  iucliued  90*^  to  each  otLtr  are 
QBed  to  effect  the  combiuatiou.  as  shown  in  the  diu^^run. 
in  which  <iA  aud  a'b'  are  the  two  objects,  combiued  bjr 
redoction  into  a  ninglo  image  AB, 
In  the  refracting  stereoscope,  sab- 
KequHiutly  devised  by  Brewster  (Fig. 
194),  tlie  images  are  combined  by 
means  of  two  prisms  with  curved  sur- 
faces m  aud  11  placed  as  shown  in 
the  diagram  ;  a  partition  cd  being 
HO  placed  as  to  ]>revent  either  eye 
from  seeiug  the  object  intended  for 
the  other.  Tlie  pictures  used  in  the 
stereoscope  may  be  drawings,  the 
two  differing  simply  in  the  poiut  of 
sight ;  <ir  photogniphs,  taken  gen- 
erally with  a  double  caiuera,  tbt?  diii- 
tauce  between  the  lenses  l>eiug  equal 
to  that  between  the  eyes.  Of  t^our** 
since  the  relief  is  greater  as  this  distam-e  is  made  ^vwit^r, 
it  may  be  exaggerated  iiuletinitel}'.  lu  AVlieaLstoupH 
psendoscope,  the  ordinary  visual  relations  Itetweeo  tb<« 
ueai*  aud  the  distant  parts  of  an  object  are  revt^i-aetl^ 
that  part  of  the  olijeet  which  is  nearest  the  ftye  beia^ 
made  to  produce  a  diminishetl  convergent^  of  the  optic 
axis.  In  consequeuco  the  form  of  the  object  is  iu- 
verted,  so  that  a  convex  Hgure  becomes  a  ctiucave  out*^ 
an  impression  of  a  seal  resemldes  the  seal  itself,  u  bust 
seen  in  front  appears  as  a  hollow  mask.  Two  jiriuted 
pages,  if  exactly  alike,  appear  flat  iu  the  stereosot^pe. 
But  if  in  one  there  is  a  displacement  of  a  type  or  a  mark 
of  any  fsort,  not  fountl  in  the  othe\\  that  defect  is  made 
to  stand  out  in  bold  relief.  Dove  applied  this  Inci  Ut 
the  detection  of  ulteratious  in  bank-notes. 

The  subject  of  vision,  however,  l>elongs  rather  to  the 
departments  of  Physiologiral  and  Psychological  Optic*, 
i.e. » to  Psycho-physics,  than  to  pure  Physics.  We  have  at- 
tempted to  give,  therefore,  only  a  rapid  sketch  of  the  sub- 
ject so  far  as  ctmcetUH  the  devartment  of  Phj'sics  proper. 
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F. — INTERFEKENCE  AKD  DIFFUACnON. 

4:{2.  Intcrfereucc  of  IC^uliatloii. — The  general  plie- 
QomeiiH  of  wftve-intt'rrereuce  Lnve  already  l>eeu  ilia- 
oosBed.  Wlienever  two  waves  of  the  same  period  are 
compountlefl,  the  amplitude  of  the  resultant  wave  is 
»Iway*»  the  algebraic  8uni  tif  the  component  amplitudes 
(66).  Interference  phenomena  in  the  case  of  radiation 
were  first  observed  b^'  Young  in  1801.  AHowing  sun- 
light ^>  enter  a  dark  room  through  a  small  opening 
ill  the  window-shutter,  he  caused  it  to  fall  on  two 
nraall  holes  pierced  in  a  screen  placed  just  behind  this 
nhtitter.  Tlie  light  from  these  openings  was  received 
upon  a  secoud  screen  at  some  distance,  and  it  waa 
observed  that  where  the  two  luminous  cones  overlapped 
there  appeared  a  series  of  bauds,  light  and  dark  alter- 
nately, which  disappeared  when  one  of  the  two  holes  was 
cJoaed.     This  result  Young  attributed  to  interference. 

Orimaldi,  however,  liad  observed  as  early  us  1665 
that  the  actual  shadow  of  a  small  opake  object  phiced 
in  the  cone  of  snidight  which  came  through  a  small  hole 
iu  the  shutter  was  much  larger  than  that  given  by  geo- 
metrical construction,  bjised  on  the  law  of  the  rectilinear 
propagation  of  radiation.  This  result  he  attributed  to  a 
flctviation  of  the  rays  whenever  they  passed  near  the 
••dge  of  an  opake  body  ;  and  to  this  action  he  gave 
the  name  of  diffiraction.  He  also  observed  that  tliis 
Mhadow  was  snrrounded  with  three  fringes  of  color. 
These  phenomena  were  farther  studied  by  Newton^ 
who  explained  them  by  assuming  that  this  indcctiou 
of  the  rays  of  light  in  passing  by  the  edges  of  opak& 
liodies  was  iu  consetjuence  of  the  attractive  and  re- 
pulsive forces  exerted  b}^  the  molecules  of  matter  upon 
those  of  light  before  the  two  came  into  actual  contact. 
The  ex|>eriment  of  Young  was  therefore  objected  to  by 
the  Newtonians  as  inconclusive,  since,  inavSmuch  as  the 
rayfi  passed  by  the  edges  of  the  apertures,  tlie  result 
might  be   dne,  not   to   interference  but   to  diifractiou. 
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Fresuol,  iu  couHequeuce,  devined  twci  methods  of  p«r* 
forming  Young's  experinieut,  tlie  resolU  of  vhicL  wew 
entirely  free  from  dilTruetiou  plieuomeua.  Iii  the  &r4 
method,  two  plane  miiTors  of  black  glass  were  em- 
ployed, hinged  und  fixed  at  a  large  angle,  nearly  180°. 
In  the  secoml,  a  bi-prisui  was  ii80il,  the  refracting  angU 
of  which  was  very  large,  differing  but  little  from  180*. 

433.  TrcMuel's  luterftrvno*-  Metlioils. — The  ix>ndi- 
tion  to  be  attained  is  simple.  Two  beams  of  light  from 
the  bame  source  must  be  made  to  intersect  at  a  bidaII 
angle.  Since  this  cannot  \n\  done  directly-,  it  rou8t  W 
effected  indirectly  ;  Le.,  by  reflection  or  refraction.  If  a 
source  of  light  be  placed  between  two  inclined  mirraR) 
a  virtual  image  of  it  will  be  formed  in  each,  the  distanra 
between  tUcHe  two  images  being  less  as  the  angle  be- 
tween the  mirrors  is  greater  (381).  Thus  rays  ixom  h 
source  of  light  at  A  (Fig.  195)  will  be  reflected  from  tli« 
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plane  mirrors  r/iO,  m'O  to  the  point  B,  with  precisely  the 
wime  effect  a.s  if  these  rays  actually  came  from  the  two 
points  o  and  a\  the  virtual  images  of  the  Inujiuous  point 
A.     So,  rays  from   A   (Fig.  196)  on  one   aide  of  the 
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bi-prism  pOp'  will  be  refracted  to  B  upon  the  other 
side  of  the  prism,  the  reBult  being  the  same  as  if  these 
rays  came  from  the  points  «  and  a'.  Since  the  rays  iu 
both  cases  come   from  a  single  source  A,  they  start  in 
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lie  same  phase ;  and  if  the  leugth  of  path  pursued  is  the 
Uiine  for  both,  they  will  reacli  the  middle  point  V  of  the 
Icreen  in  the  same  phase.  Hence  the  two  rays  reiuforce 
Kach  other  at  this  poiut,  the  amplitude  of  the  disturb- 
nice  here  is  doubled,  and  the  intensity  is  quadrupled. 
If,  however,  the  leugth  of  path  is  longer  for  one  ray  than 
Kor  the  other  by  half  a  wave-length,  as  is  the  case  at  the 
point  Z/,  they  reach  this  point  B  in  opposite  phases,  and 
Wierefi>re  nuitually  destroy  each  other. 

Analytically,  if  r  represent  the  amplitude  of  one  of 
Jie  periodic  disturbances  und  r  that  of  tlie  other,  the 
iifference  of  phase  being  0,  the  resulting  amplitude  is 
pren  by  the  expression  ^  =  r'  +  r'*  +  2rr'  cos  0  (74). 

I  both  components  are.  in  the  same  phase,  0  =  0  and 
ff  =  (r'  4-  2rr'  -\-  r'")*  ~  r  -\-  r'  \  if  in  opposite  phases, 
^  =  IT.  and  /?  =  (r'  -  2/t'  +  r")*  =  r  -  r'.  If  they 
jav©  the  same  ara])Iitude,  t  —  r  \  whence  R  —  %'  in  the 
irst  c^so,  and  /f  =  0  in  the  second,  as  above. 

The  source  of  light  in  these  experiments  may  be 
»ither  a  uarrnw  slit  illuminated  with  sunlight,  or  the 
inear  focus  of  a  cylindrical  lens,  ])Iaced  symmetrically 
II  tlie  case  of  the  bi-prism,  but  slightly  to  one  side,  in 
.hat  of  the  mirrors.  When  the  proper  adjustments  are 
secured,  a  series  of  symmetrical  colored  bands  or  fringes 
is  seen  on  the  screen^  tliese  fringes  being  jiarallel  to  the 
line  joining  the  refracting  or  reflecting  surfaces.  If  the 
radiation  be  homogeneous,  these  bands  are  alteiuately 
ight  and  tbirk.  If  white  light  be  used,  each  fringe  cou- 
%\^\sik  of  the  colors  of  the  spectrum  in  regular  order.  On 
examining  the  bauds  produced  by  different  colors,  it 
•rill  be  seen  that  those  given  by  red  light  are  the 
broa<iest,  those  given  by  violet  light  the  narrowest; 
those  of  the  intermediate  wave-freqnencies  being  of 
intermediate  wi<Uh.  Moreover,  the  central  baud  is 
Lright ;  and  hence  the  distance  from  the  middle  of  thia 
1>and  to  the  next  bright  or  dark  baud  outside  of  it  becomes 
IJer  as  the  wave  frequ^^ncy  increases.  The  fringes 
in  the  case  of  white  light  are  therefore  true  spectra 

rodnoed  by  interference,  tJie  colors  being  aTTan^ed  ttom 
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the  ceuter  outward  in  the  inverse  order  of  their  v&Te- 

frequencies,  violet,  blue,  green,  yellow,  orange,  and  red. 

These   results   are    readily  explained.     If  a  and  n 

(Fig.  197)  be  the  sources  of  light,  the  central  point  5  un 
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the  screen  will  be  illuminated  by  two  beams  in  the  same 
phase  and  therefore  will  appear  bright.  If  unotlipr 
point  b  on  the  screen  be  taken,  at  such  a  distance  fn>m 
B  that  the  path  a6  of  the  ra}'  from  a  is  half  a  wai^ 
length  shorter  than  a'A,  the  path  from  fi\  then  it  is  evi- 
dent that  the  two  waves  will  reach  h  in  opjxjsite  pLttSi-?* 
and  their  resultant  will  be  zero  ;  Le.,  the  point  6  will  be 
dark.  So  if  ac  !>e  longer  by  an  entire  wave-length  ILau 
rt'c,  the  point  c  will  be  bright;  and  if  wl  exceed  nd  bv  a 
wave-length  and  a  half,  d  will  be  dark.     Correspomliii^ 
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points  are  of  course  fonnd  on  the  opposite  side  of  5,  h 
and  d'  being  dark  and  c'  bright  If  a  and  a  be  sections 
of  the  slit  placed  perpendicular  to  the  plane  of  the 
paper,  B,  6,  c,  d,  h\  c\  d'  represent  sections  of  the  paral- 
lel fringes.  It  is  clear  that  the  distiiuce  Bb  or  Bh'  from 
the  ndildle  of  the  central  fringe  to  the  middle  uf  the  first 
dark   baud  is  a  fuuctiou  of  the  wave-length  ;  since  to 
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prcnluce  the  required  differeuoe  of  path,  it  wUl  not  be 
neceadary  to  go  as  far  to  the  right  or  to  the  left  of  B  for  a 
sbort  wave  aa  for  a  hiug  »>ue.  Heuce  therefore  (Fig. 
198)  the  bands  are  closer  together  the  less  the  wave- 
leu^th  of  the  light. 

•434.  Mi'iiHurtMiioiit  of  Wuvp-h».ngth. — From  the  data 
given  by  this  experiiaeut,  the  wave-length  of  a  given  ra- 
diiitiou  may   be   readily  calculated.     If  h'  (Fig.  199)  be 


the  position  of  the  first  dark  baud  in  homogeneous 
light,  we  have  ah'  —  a'b'  =  i\.  But  since  a*h'  is 
parallel  to  OB,  fib'  =  ^BO'  +  (Oa  +  B¥f  unA  a'b'  = 
%'BCJ'~\-{Ou'  -  nh'Y;  orcftlling  tl  the  distance  BO  of 
the  screen  from  the  line  joining  the  luminous  points, 
^  the  (listance  Bb*  to  the  center  of  the  iirst  dark  fringe,  and 
2/  thf  (liHtiincc  na'  between  the  imager,  ami  remenibcring 
that  9  and  2/  *we  both  very  small  compared  with  d,  we 
have  41  =  d^r'  -  a'A'  =  (cT  +  (/  +  «)')»  -  (rf  +  (?  -  #)•)»  ; 

which  becomes  ^X  =  a-. ^  and  reduces  to 

A  =  4/ji/r/.  Hence  by  measuring  d,  the  distance  to  the 
Acrof-iii,  2/,  tho  (listauco  between  tho  images,  and  «,  that  to 
Uie  tirst  dark  fringe,  we  may  obtain  the  wave-length. 
Since  l/d  =  tan  ia/Ia'  =  tan  ^a,  we  may  represent 
innnBn'  by  2l/d  approximately.  Hence  A  =  2^  tan  a. 
The  distjitjco  «  may  1^  measured  accurately  by  moans  of 
a  micrometer  eye-piece  in  the  focal  plane  of  which  the 
friugos  are.  formed.  Fresnel  made  a  small  hole  in  the 
screen  at  B  and  received  the  images  after  crossing,  on  a 
second  screen,  at  a  distance  d\     Measuring  the  distance 


c 
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^'  between  the  ioia^^es,  the  valae  tan  n  =.  2l'yd\  From 
the  above  equation  A  =  Ms/d,  we  obtain  «  =  rfA  ; ' 
A/2  titu  a ;  in  other  words,  the  breadth  of  the  bau  : 
creases  with  the  wave-length  and  with  the  distanc4^  of  tbe 
screen ;  and  decreases  &a  the  luminous  sources  are 
separated;  i.e.,  as  the  angle  between  the  mirrors  is  in- 
creased. If  the  dark  band  measured  be  not  the  first  oui^, 
but  the  nth;  counting  from  the  center,  the  above  formDlA& 
become  nX  =  4/*/(i  =  *2«  tan  « ;  whence  A  =  4ls/wi  or 
2ffn"*  Ian  tt. 

4;i5.  Iiitertereiice  pruUitced  by  Thin  Pluto.s. — The 
colorii  produced  by  thin  layers  of  transparent  substances 
are  due  to  interference.  The  iridescence  of  Cyprus 
glass,  of  thin  layers  of  i>ii  upon  water,  and  of  the  soaiv 
bubble  are  familiar  examples.  If  two  cleau  pieces  of 
plate-glass  a  few  centimeters  in  area  be  strongly  pressfid 
togetlier,  bands  of  color  will  appear  between  them  dm? 
to  interference  in  the  air-iilra  separating  their  aurface^. 
The  rays  reflected  from  the  lower  surface  of  tho-  upper 
glass  meet  those  reflected  from  the  upper  surface  of  tlie 
lower  glass  ;  and  since  the  path  of  the  latter  is  the  longer, 
they  are  in  the  condition  of  coinjdete  interfeieuc**  ^lien 
as  bpfore  this  difference  of  path  is  half  a  wave-length  for 
the  incident  light     Let  U'  and  vu' (Pig.  200)  be  these 

lower  and  upper  surfaces,  rK 
gfj^=IS-^*^^^"^!!^=^  spectively.  The  raj' ar>  incident 
P  *  1      on  the  surface  I V  is  partly  re- 

flecU^d  at  o  to  a'  and  partlv  re- 
fracted to  />.  At  p  it  is  partly 
^,  reflected  from  the  surface  uh\  bcv 
as  to  be  incident  on  the  surface^ 
//'  at  o",  and  is  tlience  partly  re- 
I^  '  ^^     fracted   to  a".      Evidently  this 

'■^■^-^-^-J^ --— ->^^     second  portion  has  pursued   a 
longer  path  than  the  first.     The 
riff,  aco  problem  is  to  determine  the  dis* 

tance  between  the  plates  required  to  produce  complete 
interference  for  a  given  wave-length.  The  angle  oo'n'  i& 
equal  to  the   angle  of  incidence,  since  their  sides  nra 
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perpendicular;  and  the  angle  o'on  is  equal  to  the  angle 
of  refraction.  Heuce  on'  and  no\  being  proportional  to 
the  sines  of  these  angles,  represent  the  ratio  of  the  spacer 
traversed  in  the  two  me^lia  in  the  same  time.     The  one 

is  therefore  behind  the  other  by  the  distance  op-\- 
*pru  Produce  the  refracted  ray  o'p  to  meet  at  e,  a  j)er- 
|>endicular  let  fall  froiu  o.  Since  ep  =  o/>,  op  -f-  /m  =.  eii ; 
and  ew  =  oecosoen.  If  we  call  d  the  difference  of  path, 
i  the  thickness  pm  of  the  tilm,  and  <i>  the  angle  of  inci- 
dence on  the  second  surface  (which  is  also  the  angle  of 
refraction  at  the  first),  this  expression  becomes  6  =. 
21  o^is  t/>.  For  conipleto  interference  this  difference  of 
phase  must  be  ft  multipla  of  half  a  wave-length  ;  i,e., 
6  =:  71. ^A ;  where  n  is  an^  whole  number.  From  these 
two  values  of  S  we  get  t  ~  J«X8ec0.  Hence  at  normal 
iiicideuce  the  thinnest  iuterfereuce-iilm  is  ^  the  wave- 
length. If  n  is  even,  however,  the  waves  will  meet  in  the 
Bciuie  phase  ;  if  odd,  in  opposite  phases,  according  to 
this  formula.  But  in  fact  the  act  of  reffection  changes 
the  phase  by  half  a  period,  as  will  be  shown  later  (437). 
lence  for  thicknesses  1,  3,  5,  7,  etc.,  there  will  be  bright 

ids,  and  for  thicknesses  2,  4,  6,  8,  etc.,  dark  ones. 
Moreover,  the  thickness  evidently  increases  with  the 
wave-length  of  the  incident  light ;  a  soap-bubble  giving 
a  red  color  being  thicker  than  one  which  gives  a  blue. 
Again,  the  thickness  being  pro}^K)rtioual  to  A,  which  in  tlie 
substance  of  the  film  varies  as  the  speed  of  light,  is  in- 
versely as  the  relative  index  between  the  two  media. 
Lastly,  the  thickness  of  the  film  required  is  directly  as 
the  secant  of  the  angle  of  incidence  upon  the  second  sur- 
face, and  therefore  increases  as  the  angle  of  incidence 
itself  increases. 

4:t6.  Newl^m's  Blni^s.^In  order  to  study  this  class- 
of  interference  phenomena  more  precisely,  Newton  pro- 
duced them  by  placing  a  convex  lens  of  very  long  radius 
u)K)n  a  pliuie  glass  surface.  At  the  center  where  the  air- 
layer  is  thinnest,  a  circular  spot  ap])enrs  nearly  nniforitt 
in  color.  This  is  surroumled  hy  colored  rings  or  fringes 
due  to  the  xiniformity  of  thickness  of  the  air-layer  at  thf 
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same  distance  iii  all  directiou8 ;  the  diflerent  rings  cl 
course  correupouding  to  different  thicknesses.  If  tlto 
pressure  be  increased  the  circles  all  dilate,  now  ona 
appealing  in  the  center,  uf  colors  denoting  iucreMdd 
wave-frequency,  until  the  central  spot  is  black.  Witli 
liomogeueuUH  radiation,  the  rings  are  alternat6]3'  bright 
Hud  dark  and  are  very  numerous ;  several  thousand  Iuit^ 
ing  been  counted  with  sodium  light.  They  are  lai^ 
with  red  than  with  blue  light,  and  hence  when  sevuic 
white  light  they  show  the  colors  of  the  spectrum,  in  the 
inverse  order  of  wave-frequency.  They  are  known  u 
Newton's  rings.  Calling  r  the  radius  of  a  given  ring 
(Fig.  201),  t  the  thickness  of  the  aii-layer  at  that  point, 


and  R  the  radius  of  the  lens,  we  have  /  :  r  ::  r  :  2/?  — t; 
whence  r*  =  2/?<  —  /*.  As  /  is  so  small  a  quantity,  its 
square  may  be  neglected  and  we  liave  f  =  r^/2R ;  or  th« 
tbickness  of  any  ring  varies  as  the  square  of  its  radius. 
Newton  measured  these  diameters  very  accurately  and 
observed  that  tJieir  Hquaren  and  hence  the  thi«*knesswi 
were  in  arithmetical  progression  ;  tliose  of  thf*  bright 
rings  being  as  the  odd  numbers  1,  3,  5,  7,  etc.,  and  tho«e 
of  the  dark  rings  as  the  even  iinml>ers  %  4,  G,  8,  10,  otc 
Moreover,  hn  determined  the  absolute  thickness  nf  the 
fifth  dark  ring  by  measuring  its  diameter  with  great  care* 
using  the  above  formula;  and  he  found  it  to  be  '00143 
millimeter.  The  first  dark  ring  measured  of  course  o«* 
fifth  of  this  ;  or  '000280  millimeter.  Consequently,  since 
X  =  2/  cos  (fi,  we  have  ftn*  the  wave-length  of  the  light 
extinguished  iu  t\v\ft  taw^,  lUe.  iucideut  angle  being  about 
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,  2  X  '000286  X  -9976  =  '00057  millimeter ;  correspond- 

g  to  yellowish-greeu  light 
437.    Cliauge  ol'  PhaHC  in  Reflection. — It   will    be 

bfterved  that  tlie  theory  above  given  requires  the  riugH 
be  bright  when  the  thickueHs  is  an  even  multiple  of 
the  wave-length  and  dark  when  it  is  an  odd  multiple ; 
vhereaa,  as  just  stated,  the  fact  is  exactly  the  reverse. 

his  is  due  to  the  special  conditions  of  the  experiment. 
In  both  the  cases  above  given  one  of  the  rotiJectious  takes 

lace  at  the  surface  of  a  rarer  and  the  other  at  the  sur- 
Ltce  of  a  denser  medium.  But  Young  showed  that  when 
ilie  fiim  between  the  glass  surfaces  has  an  index  inter- 
Baediate  between  the  indices  of  the  two  glasses,  as  when 
oil  of  sassafras  is  placed  between  a  lens  of  crown  and 
one  of  dint  glass,  so  that  both  reflections  take  place  at 
the  surface  of  a  denser  medium,  the  central  spot  is  white 

nd  the  rings  whose  thickness  is  an  even  multiple  of  the 

rave-length  are  bright,  as  the  theory-  requiies.  The 
same  is  true  if  both  reflections  take  place  at  the  surface 
of  a  rarer  medium.  It  would  appear,  consequently,  that 
"when  reflection  takes  place  from  the  surface  of  a  rarer 
medium,  the  direction  of  motion  of  the  (ether-particles 
at  the  point  of  incidence  is  reversed ;  the  consequence 
of  which  is  that  the  wave  leaves  the  surface  reversed  in 
position,  producing  the  same  result  as  if  there  had  been 
a  gain  or  loss  of  half  a  wave-length  (B,5).  There  is  ob- 
viously nnder  these  circumstances  destruction  where 
there  should  l>e  roinforopinent  of  light,  Babinet  pro- 
duced interference  by  reflection  from  a  silvered  and  an 
nneilvered  surface  which  slu>wed  the  same  result. 

4rtH.  niffraciion. — Diffraction  is  an  interferenc*'  phe- 
nomenon produced  whenever  radiation  passes  close  to 
the  edges  of  an  opako  screen.  Newton  had  rejected  the 
,vo-theory  of  light  on  the  ground  that  were  it  true, 
re  should  be  a  bending  of  the  light-rays  round  the  edgeH 
of  obsta^des,  precisely  as  in  the  case  of  sound ;  so  thai 
s  luminous  point  could  be  seen  even  if  au  opake  object 
were  placed  between  it  and  the  eje,  and  shadows  would 
jiot  l>c  possible.     Were  light  a  wave-motion  like  sound, 
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he  argued,  it  woald  not  travel  in  straight  lines  un 
know  it  to  da  The  Byllogism  is  legitimate,  bat  ibt^ 
iniuor  premise  is  untrue.  The  phenomena  are  identical 
in  the  two  cases,  provided  the  scale  of  the  experimeutis 
the  same.  An  obstacle  produces  a  li^bt  ^?hadow  ordiofl- 
rily,  biiuply  because  its  size  is  enormous  compared  vilb 
the  length  of  a  light-wave.  In  proof  of  this,  Raylet^h 
has  produced  sliarply-detined  souud-sliadows,  even  br 
objects  as  small  as  the  hand,  b3-  using  souud-wavee^odr 
1*2  centimeters  in  length.  And  with  au  aperture  of  14 
ceutimeters  or  a  disk  of  15  centimeters  in  diameter  the 
phenomena  of  sound-diffraction  were  satisfactorily  ob- 
tained. Here  the  obstacle  was  about  tliirty  wave-lengths 
in  its  diameter.  If  a  sound-wave  1*3  meters  long,  like 
that  of  the  middle  C,  had  been  employed,  the  obstAcle 
must  have  been  nearly  forty  meters  in  diameter,  to  |>ro- 
doce  the  same  effect ;  wliile  if  a  light-wave  00059  millim- 
eter be  used,  the  diameter  of  the  obstacle  need  be  ouh 
'0177  millimeter.  Moreover,  ordinary'  experience  teaches 
us  that  sound-shadows  are  well  recognized  phenonieDa 
in  nature,  where  the  obstacles  are  of  large  size  compared 
Aurith  the  sound-waves  (2ii9). 

So,  conversely,  if  homogeneous  light  be  caused  ti) 
impinge  upon  an  obstacle  of  small  size  compared  with 
its  wave  length,  such  as  a  hair,  or  be  made  to  traverse  A 
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minute   opening,   such  as  a  pin-hole,  then  the  ligbt  » 

found  not  to  travel  in  straight  lines,  apparently,  but  to 
bend  round  the  edges  into  the  geometrical  shadow ;  i.e., 
the  light  is  diffracted.     The  phenomena  of  di&action  in 
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&ir  simplest  form  are  obtained  when  the  ligLt  paHses 
a  fliogle  edge.  The  upper  edge  of  the  metal  plate 
'  (Fig.  202)  is  so  placed  as  to  be  grazed  bj  the  ray  OA 
ini  the  luiuiuous  poiut  0  to  the  screeu  BC.  The  light 
Duld  be  homugeueou8  aud  the  source  very  siniill  ; 
her  a  jiin-hole,  or  better,  the  bright  point  which  cou- 
tates  the  focus  of  a  small  couvex  leus  of  short  radius. 
will  be  observed  that  at  the  point  A  whicli  limits  the 
Ometrical  shadow,  there  is  not  uu  abrujit  transition 
lOi  light  to  shade  as  rectilinear  piopugution  won  Id 
juire  ;  but  on  the  contrary  there  is  u  gradiial  diiniuu- 
u  of  the  light  from  A  toward  B  exteuiling  over  a 
isible  distance.  On  the  other  side  of  A^  however,  at 
)  points  ti,  /j,  c,  a  series  of  alternate  bright  and  dark 
uds  appear,  whose  width  depeuds  upon  the  wave- 
Igtli  of  the  light  employed,  being  greatest  for  red  aud 
tst  for  violet.  These  are  called  external  fringes;  sii:i- 
r  ones  within  the  shadow  as  at  ti  being  called  internal 
Dges.  If  the  light  pass  by  two  edges,  as  when  a  fine 
re  or  a  hair  is  held  in  the  path  of  the  beam,  then  we 
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ve  the  external  fringes  on  both  sides  (Kg.  203)  between 
and  D  and  between  B  aud  L\  and  also  a  series  of 
vernal  fringes  much  less  in  width  as  at  a  between  A 
dB, 

If  the  two  edges  be  those  of  an  aperture,  the  appear- 
^  are  still  further  moditied  (Fig,  204).  Not  only  is 
PVridth  of  the  geometrical  shadow  AB  increased,  hut 
(s  entire  space  is  filled  with  bauds  alternately  bright 
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ADd  dark  as  at  a,  the  width  of  which  inoreaaes  with  lb 
waTe-leugth  of  the  incident  light.     At  the  same  tiae, 
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external  fringes  are  formed  as  at  rf.     The  appearance 
of  these  fringes  is  shown  in  Figure  205.     In  the  right- 
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liiind  figure  t)ie  difl'raotion  is  ]>rodnced  by  a  single  edge 
Hud  the  frinpjps  are  extonial.  In  the  left-hand  tignrt 
a  wire  produces  the  diffraction  and  the  fiin^es  are  in 
ternal.  The  apparatus  used  in  observing  these  phenom- 
ena is  called  an  optical  bench.  It  consists  of  a  jiair  of 
horizontal  rails,  upon  which  slide  three  stands,  the  tirst 
of  which  carries  the  short-focus  lens,  the  second  the  dif- 
fraction-screens, such  as  are  shown  in  the  figure,  and  tbn 
third  supports  the  micrometer  eje-piece. 

The  explanation  of  these  appearances  we  owe  to 
Fresnel  and  to  Schwerd,  who  proved  theui  to  be  due  to 
the  interference  of  secondary  waves  produced  at  the 
edges  of  the  obstacle,  either  with  the  primary  ware  or  with 


TOFjBTHBRV. 


T  BNBRQT.  499 


eaoli  other,  as  may  be  seen  iu  the  diagram  (Fig.  206), 
where  0  is  the  himiuouH  jK^iut,  AB  the  obstacle,  aud  ad 
the  screen.  The  interior  fringeH  are  seen  to  be  the  result 
of  the  interference  of  the  two  sets  of  secondary  waves 
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prodnced  at  the  edges  of  AB,  In  the  same  way  the  ex- 
terior fringes  result  from  interference  between  the  pri- 
mary waves  from  the  point  0  and  these  secondary  waves. 
The  character  and  position  of  these  fringes  may  be 


readily  deduced  upon  the  wave-theory.  Every  disturb- 
ance at  a  point  iu  the  lether  is  the  resultant  of  all  the 
disturbances  which  reach  siraultaneously  the  given  point 
If  we  suppose  a  spherical  wave  nb  moving  outM'ard  from 
a  radiant  point  0,  for  example  (Fig.  207),  the  effect  at  A 
vill  be  not  only  the  direct  result  of  the  original  disturb- 
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auce  at  0,  but  aliio  the  indirect  result  of  all  tbe  smallet 

disturbanoeH  which  coustitute  tlie  wave-frout  ttb,  Coto- 
niou  experience  teaches  us  ttpi»arentiy  that  an  obstacle 
placed  at  P  will  entirely  prevent  the  eve  at  A  from  see- 
iu»^  thfi  luininoiift  point  0.  But  this  is  a  qut^stion 
of  the  size  of  the  obstjicle,  as  compared  with  the  ru^.u.  . 
ware.  If  it  be  sufficiently  minute,  tbu  railiation  inll 
bend  round  it  in  the  same  way  that  sound  do«^s  roand 
obstiicles  of  ordinary  size.  To  study  the  effect  ut  A 
(Fig,  208)  of  the  distnrbanc^fl  constituting  the  wave-front 
let  thia  front  be  divided  into  elements  Pa,  ah,  he,  etc^ 
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such  that  the  distances  of  each  from  A  shall  successively 
increase  by  hulf  a  wave-length ;  Le.,  that  Aa  —  AP  ~  \K 
Ab  —  Aa  =  JA,  etc  Evidently  the  disturbance  at  A 
caused  by  the  element  Pa  or  Pa'  will  be  opposite  in  its 
eflfect  to  that  produced  by  the  element  ah  or  aV/,  since 
the  ilisturbances  will  reach  the  point  A  in  oppositit 
phases  (3G6i.  And  hence,  since  the  disturbance  which 
any  element  produces  at  A  is  proportional  jointly  to  tb» 
size  of  tlie  element  and  to  its  an^le  of  emission,  it  ia  cleftr 
that  the  effect  at  A  of  tliese  elements  as  we  j^o  farther 
from  P  will  ultimately  be  zero  ;  leaving  only  the  elements 
near  P  active  in  illumiunting  the  point  A.  Since  tbe 
waves  are  so  minute,  the  distance  alniut  P,  which  aloue 
contributes  to  the  effect  at  A^  is  very  small ;  so  timi 
practically  no  effect  is  |»roduced  there  except  along 
the  bright  line  OA ;  i.e.,  the  light  is  rectilinearly  propa- 
gated (374). 
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439.  Oifl'raciloii  tlir4»u;;h  n  Slit. — Suppose  now  we 
allow  sunlight  to  piusa  through  a  narrow  slit  oft  (Fig.  209) 
and  tiieu  to  fall  upon  a  screen 
SS'  at  some  difltance.  As  we 
liuve  noted  above,  a  series  of 
bright  and  dark  bands  will  be 
aeen,  parallel  to  the  edges  of  the 
nlit  and  haviu^  a  bright  central 
image.  Evidently  at  some  point 
/  the  distance  traveled  by  the 
ratliation  from  a  will  be  half  a 
wave-length  lonf^ertlian  that  from 
b ;  so  that  at  this  point  these  two 
marginal  radiations  will  interfere 
in  opposite  phases  and  will  de- 
btroy  eaeh  other.  If  the  per- 
pendicular he  be  let  fall  on  «/,  the 
an<;les  at  c  and  s  are  right  angles 
nud  the  angle  td)c  may  be  con- 
ftiderod  equal  to  the  angle  art. 
Hi^nce  thn  triangle  aZ»c  is  approx- 
imately similar  io  trn  and  n^' :  or : : 
ir  :  ta ;  whence  nc  =  {ah  X  is)/ir ; 
OT,  since  tr  differs  only  slightly 

.  ,.  width  of  slit  X  distance  of  Ist  band, 
from   rff,  acor*A.=:^ 

nistdnce  of  screen 

Or  if,  witli  /  as  a  center  and  radius  th^  the  arc  Itc  be  drawn, 
the  angle  at  c  will  be  a  right  angle  and  ac  =  ah  sin  aljc ; 
«>r  calling  (tc  =  JA,  ab  =■  a,  and  abc  or  its  equal  ttrt  = 
A,  ^X  =  a  sin  6.  This  result  appears  at  first  to  resemble 
that  of  simple  interference  already  discussed.  It  differs, 
however,  in  this  regard,  that  while  there  are  only  the  two 
ont#>r  rays  U*  interfere  in  the  former  case,  in  the  latter 
not  only  the  marginal  waves  but  all  the  waves  entering 
through  the  slit  ah  contribute  to  the  result.  So  that  in 
fact  experiment  shows  that  the  difference  of  path  must 
be  on  entire  wave-length  in  order  that  eomplete  inter- 
ference may  take  place  at  /  and  a  dark  band  be  produced 
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there.     CoDHequeutly  if  t  represeuts  Ibe  tirst  dark  baDd, 
the  ilistance  ac  repreHeuts  A. 

440.  IntcuAiCy  ot  HlflVaurted  Lifcht. — The  iiitexisit)r 
of  diffruoted  tight  at  auy  poiut  may  be  easily  cAloolAbed 
^Mullor).     If  the  jiiuplitude  of  two  interfering  waves  be 
o  und  h,  the  amplitude  of  the  reHultuut  (30)  will  he  J  = 
/o'  4-  6'  +  2a6    cos    2Tjr/A;    which   reduces    to  ^  = 
a  1^2  -|-  2  cos  "Inx/X  when  h  and  ti  are  e<|iial,  and  U*  A  = 
a  V2  +  2  C08  fi'ii  /3  be  taken  to  represent  2tx/A.    Suj^- 
pose  the  width  of  the  slit  to  be  diviJed  iuto  sixteen  equal 
parts,  each  representing  an  element  of  the  iucidt'j  * 
If  the  difference  of  path  for  the  extreme  rays  be  ^i- 
equal  to  half  a  wave-length,  the  difference  for  eacli  ele- 
ment will  be  A/(2  X  16).    Hence  x/\  =  ^^  and  2n'x/A,  nr  /?. 
=  2;r/32  =  180732=  11°  15'.     Consequently  we  haw 
.4  =  a  V2  +  2  cos  (11*  15')  =  a  V3dG2  as  the  "amplitude 
produced   by  two   neighboring   elements.     Tlie  ainpli* 
tud«    yy,  produced  by  twt>  such    pairs   of   elemeuU,  = 
A  ^2 -f  2  cos22^J07 since  now  /?  =  2jr/16 ;  the  value <A 
which   is  A  V'3*848,     That  produced   by  the   aotirtu  of 
eight  elements,  C=  B  Vi+2  cos  45*  =  B  »'3^4H ;  and 
that  by  the  action  of  the  entire  16  or  i?  =  C  (^2  4-200890* 
=  C  V2,     Substituting  in  this  the  successive  values  of  (' 
B,  and  A  given  above  we  have  />  =  a  V'S^GJ'a'iBiaS^il. 
But  the  light-intensity  varies  as  the  square  of  the  ampli- 
tude ;  and  hence  we  have  /,  =  D*  =•  104*1  a*  as  the  light 
intensity  at  the  point  t  (Fig.  209).    At  the  point »,  however, 
the  amplitude  produced  by  the  sixteen  wave-elements  ii 
16a  and  the  light-uitensity  (16a)'  or  256^*'.     Calling  this 
/  we  have  /.:/::  1041a*  :  256^i' ;  whence  '/.  =  O-406/. 
lu  other  words,  at  the  poiut  of  the  screen  where  the 
difference  of  path  of  the  extreme  lateral  rays  is  half  a 
wave-leugth,  the  light-intensity  is  0-406  of  that  found  in 
the  central  image.     If  however  the  radiant  beam  be  so 
inclined  to  the  plane  (»f  the  slit  that  or  (Fig.  210)  rep- 
resents an  entire   wave-leugth,  the    figure   shows   that, 
dividing   this  beam  into    two  equal  portions,  each  of 
the  rays  of  one  portion  differs  from  the  corresponditg 
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of  the  other  V»y  half  u  wave-length.     The  first  ele- 

!iit  of  the  oue  portiou,  therefore,  will  destroy  the  effect 

tlie  first  element  of  the  otlier,  the  second  thut  of  the 

ioudt  <LDd  so  ou  ;  so  that  ou  tLe  sureeu  ut  the  point  where 

ii>  beam  is  incident  the  resultant  will  be  zero.     In  the 

line  waj  if  the  beam  be  still  more  inclined  ho  that  the 

[iffereuce  of  path  be  one  and  a  half  wave-leugths,  it  may 

le  divided  into  three  portions  in  each  of  which  each 


Pio.  <io. 

elemental  ray  is  half  a  wave-length  in  advance  of  or 
behind  the  corresponding  ray  in  the  (ttlier  portions. 
Evidi^ntly  two  of  these  portions  will  mutually  destroy 
each  other,  only  the  third  inOueuciug  the  result.  Since 
the  amplitude  is  now  only  one  third  of  what  it  was,  the 
light-intensity  is  only  one  ninth;  whence  /,  = -^/,  or 
00457.  At  the  ilistance,  then,  on  the  screen  where  those 
rays  are  incident  whose  maximum  difference  of  path  is 
}A,  the  light-intensity  is  0'04o  n(  that  at  the  central 
image.  So  at  the  point  where  the  outer  rays  diflfer  by 
fonr  half  wave-lengths,  the  twf)  pairs  mutually  destroy 
each  other  and  tht^  resultiint  is  zero.  If  the  values  now 
obtained  be  plotted,  a  curve  is  obtained  representing 
the  light-intensity  on  the  screen.  Taking  «,  the  central 
pi>int  (Fig.  211),  as  the  origin  0,  lay  off  distances  1,  2  to 
the  right  and  to  the  left  as  the  successive  minima.  At  0 
erect  an  ordinate  of  one  centimeter;  and  at  the  points  i, 
|,  erect  ordinates  corresponding  to  4'OGaud  O'-to  millim- 
etern.    The  cnrve  drawn  through  these  points  as  showM 


AM 


paraian 


representH   the    variatioaB   of   ligfat-intensitj   uftou  tli- 
8creen  ou  bulb  sides  of  «.     By  au   iuapectiou  of  tb 
formnlfi  iiluive  given,  ts  =  (ac  X  re)/ab^   it  Ap|>enrii  tliai 
tlie  bauds  aro  wider,  aud  hence  farther  apart,  the  grfat. : 
the  distance  of  the  screeu,  aud  the  greater  the  warn 


length  of  the  ra<liatioi}  employed.  Consequently  if  white 
light  be  used  in  place  of  monochromatic  li^^bt,  the  bjuicb 
become  cohirpd  fringes.  Moreover,  these  bands  widen 
and  separatt*  as  the  slit  is  made  narrower.  j 

441.  DiflractioiiGrntlu^H. — A  serieH  of  parallel  liaeiir 
openings  or  slits  separated  by  opake  spaces  is  called  a 
grating.    The  earliest  grating  was  devised  by  Frauubufef. 
who  constructed  it  by  winding  fine  wire  round  two  screw* 
with  their  axes  parallel  placed  at  some  distance  apart; 
the  threads  numbering  40  to  the  centimeter.     Habee* 
quently  he  used  a  plate  of  plane  glass   ou   ^vhich  liiiw 
were  ruled  with  a  diamond.     In  1843»  Saxtou  ruled  such 
gratings  on  glass  and  on  st<^e!  for  J.  W.  Draper.    Nobert's 
gratings  ruled  ou  glass  had  as  high  as  600  lines  to  tLp 
millimoti^r,  the  ruled  surfaces  being  twn  centimeters  or 
more  square.     Ilutherfurd's  gratings  hod   as  many  m 
700  lines  to  the  niillimeter.     They  were  ruled  tm  glass 
and   ou   specnluni   metal  and  were  remarkable   for  iho 
perfection  of  their  construction.     Some  of  the  specolniD* 
metal   gratings   had  a  ruled  surface  of   Iti  squikre  cen- 
timeters  or    more.     Kecently    Rowland    has    produced 
gratings    far   surpassing   any   previ<inslj   made.       TL#^ 
ruled   surface  on  the  largest  of  these  is  ten  by  fifteen 
centimeters  and  the  lines  in  some  cases  exceed  1000  l^» 
the  millimeter.     Some   of   these  gratings    are  concavp, 
acting  to  produce  images  by  reflection  and  without  the 
aid  of  other  a\>l\ca\  ft,Y\vft.Vft.tua. 
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The  diffraction  phenomena  produced  bj  a  grating  are 

^pable  of  ready  explanation  upon  the  principles  already 

lYeo*     Snppose  a  plane  wave  moving  from  right  to  left 

be  incident  upon  the  grating  AB  (Fig.  212)  made  up 
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of  alternate  transparent  and  dark  spaces.  Suppose  that 
from  /*  lines  be  drawn  Ha  and  Itb^  so  as  to  include  a 
bright  and  a  dark  space  a6,  at  such  a  distance  from  the 
point  P  that  the  difference  in  length  of  these  lines  shall 
be  an  entire  wave-length.  Then  as  we  have  seen  above, 
if  we  divide  the  space  «^/into  two  equal  portions,  the  two 
elements  constituting  these  portions  will  entirely  destroy 
each  other's  efi'ect  at  /?,  provided  that  the  entire  space  ab 
be  transparent.  Since,  however,  one  half  of  this  space 
is  opake.  tliis  interfering  element  is  stopped  and  the 
other  half  produces  its  total  effect  at  B,  Evidently  at 
any  point  on  the  screen  where  the  difference  of  patli  of 
the  marginal  rays  is,  for  the  particular  radiation  em- 
ployed, au  even  number  of  half  wave-lengths,  there  will 
be  a  bright  baud  ;  and  at  any  ]>oint  where  this  difference 
is  an  odd  number  of  half  wave-lengths,  the  baud  will  be 
djvrk.  If  the  line  be  be  drawn  perpendicular  to  litt,  evi- 
dently ac,  which  is  a  wave-length  or  A,  is  equal  to 
ab  em  abc  =  aft  sin  PRa\  or  calling  a  the  angle  made 
by  the  ray  with  the  plane  of  the  grating  and  a  the  space 
o/i,  A  =  a  sin  cr.  At  some  point  of  the  grating  farther 
from  Ft  the  difference  of  path  Ra'  and  Rb'  will  be  2A ; 
whence    for   this   angle   2A  =  a   sin    fi;    or  in   general 
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mA.  =  a  sin  a„ ;  whence  kLq  a^  =z  nk/a.  In  other  won 
f(ir  li  giveu  grating  and  givnu  luouochromatio  ligbt,  ibr 
augles  of  deviation  for  the  bright  spaces  vary  us  n  :  Le., 
in  arithmetical  progreBsion. 

For  a  concave  grating,  theory  shows  that  if  the  sur- 
face of  the  grating  be  a  segment  of  a  spherical  surface  of 
radius  R,  light  from  a  source  A  situated  on  a  circle  of 
which  B  is  the  diameter,  will  produce  a  spectrum  situate*] 

on  the  same  circle ;  and  further 
that  in  the  position  of  minimam 
deviation,  the  source  of  light  aoJ 
its  image  are  equidistant  from 
the  grating.  Th  us,  for  example, 
let  GG'  (Fig.  213)  be  a  concave 
grating,  0  being  itH  center  of 
curvature  and  C  its  center  »>f 
figure  ;  the  ruling  being  normal 
to  the  plane  of  the  paper  uuti 
symmetrical  about  C,  If  now  a  circle  be  described  on 
06^  as  a  diameter,  and  a  source  of  radiation  be  placed  ut 
jfi,  the  image  of  the  radiant  source  will  be  formed  at  fi, 
and  real  diffraction  spectra  will  be  produced  on  llie 
circumference  of  this  circle.  In  Rowland's  arrangemeut* 
the  slit  is  placed  at  the  intersection  of  two  arms  set  at 
right  angles,  the  grating  and  the  observing  lens  respect- 
ively being  placed  at  their  extremities.  The  radiasof 
curvature  of  the  large  Rowland  grating  is  about  6*5 
meters,  the  ruled  surface  being  about  10  by  15  centi- 
meters. The  number  of  lines  varies  from  400  to  800  to 
tlie  millimeter. 

443.  T>iflVuetioii  Spectra.  —  For  different  ware- 
lengths  the  expref^sion  sin  ot  —  X/a  shows  that  foragiveii 
grating  the  sine  of  the  angle  of  deviation  varies  directly  &» 
the  wave-length.  Heuce  the  bright  maxima  will  occnr 
nearer  the  central  image  the  shorter  the  wave-length  of  tln' 
incident  light  So  tliat  if  the  incident  light  be  white,  itK 
components  M-ill  be  distributed  outward  from  the  central 
image  in  the  inverse  order  of  their  wave-lengths  ;  thas 
forming  what  is  known  as  a  diffraction  spectram.     More- 
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over,  since  in  the  above  equation  the  angle  «  is  a  periodic 
function  of  the  wave-length  A,  the  8]>ectra  thuH  produced 
repeat  themselves  indefinitely  to  the  right  and  left  of  the 
central  image  ;  Fraunhofer  having  observed  as  njanj  as 
tliirteen  on  each  side.  Again,  if  the  angle  of  deviation 
bo  small  bo  that  we  may  write  ft  sin  1'  for  sin  ^,  we  have 
a&  sin  r  —  A  ;  so  that  for  the  deviations  ti^,  H^^  and  6^,  cor- 
responding to  different  wave-frequencies,  A,,  A,,  and  A,, 

we  Lave  ~ -r  =  t^ r  *  "^  other  words,  the  intervals 

tf^  —  ft,         A,  —  A^ 

is  a  dif  faction  spectrum,  under  these  conditions,  are  pro- 
prirtional  Uy  the  wave-lengths,  and  the  sjiectruui  is  a  nor- 
mal tpectrum  (420).  A  comparison  of  tlie  difTniction  npec- 
trnm  with  tbe  prismatic  spectrum  will  show  the  marked 
differenod  in  the  distribution  of  the  wave-lengths.     In 
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igun^  214,  the  upperspectrum  represeuts  the  former  and 
the  lower  spectrum  the  latter,  the  Fraunhofer  lines  be- 
ing given  in  both  to  indicate  corresponding  wavr--lengths- 
"While  the  line  D  marks  very  nearly  the  middht  point  of 
llie  diffraction  spectrnra,  the  line  /'is  nearest  the  center 
of  the  prismatic  spectrum.  In  this  latter  spectrum,  there- 
fore, the  rndijition- waves  apjtear  to  be  condensed  toward 
the  lesft  refrangiV)Ie  end  and  extended  toward  the  more 
refrangible  one.  The  successive  spectra  to  the  right  and 
left  are  called  spectra  of  the  Ist,  2d,  S*!,  and  4tJi  orders 

spectively,  the  length  of  each  spectrum  being  greater 
and  its  int4>nflity  weakt^r  than  that  of  its  predecessor.  If 
sunlight  \hs  otaployed  {»>  form  the  spectra,  the  colors  are 
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8o  pure  tlmt  the  FraanLofer  liceH  niaj  be  distinctly  B«etL 
It  was  by  means  of  the  superb  concave  gratings  produced 
by  Bowlaud,  tlmt  he  succeeded  iu  pliotogmphiug  the 
solar  spectram  with  a  perfection  and  an  accnracy  ■  if  detail 
before  unattained.  This  magnificent  spectrum  ia  mare 
than  thirteen  meters  iu  length.  In  it  the  D  lines  iin 
separated  nearly  7'5  centimeters,  and  tbe  B  line  is  ^ 
ceutimetera  in  extent.  A  portion  of  tliia  spectrum  in  the 
viciuityof  the  D  lines  is  shown  in  the  upper  part  of  Fig- 
ure 215.  The  lower  spectrum  shows  the  green  band  of 
carbon,  taken  with  the  same  remarkable  apparatus. 
Rowland  has  photographed  also  the  spectra  of  manv  of 
the  other  elements. 

44S.  31etiHur4*mcu(  of  Wavc-len|yth r.  —  It  is  bj 
means  of  diflVaction  gratings  that  wave-lengths  arensti- 
ally  measured.  For  this  purpose  the  grating,  supposed 
trauHparent,  is  supported  upon  the  table  uf  u  spectrometer 
with  its  lines  vortical,  and  its  plane  normal  to  the  aii* 
of  the  collimating  telescope.  The  observing  ieloscopa 
being  then  so  placed  that  its  axis  is  parallel  to  that  of 
the  collimator,  the  image  of  the  slit  will  bisect  the  cross- 
wires.  The  reading  on  the  graduated  circle  gives  its 
zero  position.  It  is  then  moved  to  one  side  until  the 
image  of  the  slit,  now  illuminated  with  monouhrnmntic 
light,  say  that  of  a  sodium  flamCi  agaiu  bisects  thecrost- 
wires.  A  second  reading  is  now  made  ;  the  differeniMj 
between  this  and  the  first  reatling  gives  the  deviation. 
Another  similar  determination  is  now  made  upon  ilitt 
other  side  of  the  zero  ;  and  the  mean  of  the  two  is  taken  as 
the  true  delation  for  the  first  spectrum.  The  value  of  th« 
grating-spaces  isdetermined  by  counting  thelineainagiven 
known  space,  under  a  microscope.  So  that  if  ther^  *r« 
n-f-1  lilies  to  the  millimeter,  the  value  of  one  grating^lfr- 
ment, consisting  of  a  line  and  a  .space, i.e., the  distance  fn»m 
the  center  of  one  line  to  the  center  of  the  next  one,  will 
be  1/n  millimeter.  From  tlie  etjnation  A  =  a  siu  <r,  tbe 
wave-length  is  obtained  by  multiplying  the  value  of  one 
grating-element  by  the  sine  of  the  deviation  angle.  If « 
second  raeau  be  obtained  from  the  two  spectra  of  the 
fierond  order,  we  \\wve  ^\  =:  a  wv  a^\ «wtv\9a ^yaV^^Vx-^^t 
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orders.  TbuH  with  a  gratiiig  Iiaviug  llO'S  elements  in 
eacb  milliiueter,  the  value  of  a  is  0'009023  milluneWr. 
If  tbe  deviaiiou  to  the  riglit  produced  by  tbe  first  spec- 
trum be  3''  44'  30'  and  to  tbe  left  3"  44'  45%  tbe  mean  is 
3**  44'  37-.r.tbe  sine  of  which  is  0'06o3,  ConsequenlK 
A  =  00090*23  X  0'0G53  or  00005892  millimeter,  the  viiviv 
length  of  sodium  radiation.  Let  the  mean  deviatioD  of 
tbe  spectrum  of  the  second  order  be  7**  29'  22*5',  the  sine 
of  which  is  0 1304.  Then  2X  =  0-009023  x  0-1304  or 
0-0011761  and  A  ^00005881  millimeter.  The  lueatiof 
these  two  values  is  0'lX)0oSH7  millimeter. 


Q.— DOUBLE  KKFRACnON. 

444.  Pheiionicua  of  Double  RelWirtion* — Since  tbe 
Bpeed  of  propiigution  of  a  disturbance  in  any  medium  is 
a  fuuctiou  of  the  elasticity  of  the  ft'tber  within  tlut 
medium,  it  follows  that  if  the  medium  be  not  isotropic^ 
Le,,  if  it  possesses  different  ietber-elasticities  iu  different 
directions,  there  must  exist  within  it  different  speeds 
iu  different  directions,  and  hence  different  refractioiia. 
The  phenomenon  of  double  refraction  was  first  observed 
by  Bartholin  in  1009  in  a  transparent  variety  of  ca1<:it« 
found  in  Iceland  and  hence  known  as  Iceland  spar. 
This  substance  crystallizes  iu  the  hexagonal  flvstem  and 
cleaves  readily  into  rhombohedroua,  cousistiug  of  sis 
equal  rhombic  faces  having  angles  of  101**  55'  and 
78^  5' ;  these  faces  forming  with  each  other  acute  angles 
of  74''  5o*  35"  and  obtuse  angles  of  105*»  4'  2y".  The.v 
are  united  alt,eniately  three  above  and  three  below  l)T 
the  obtuse  angles.  The  direction  of  tbe  line  joining  Ihfl 
two  solid  angles  thus  formed  is  called  tbe  optic  axis^ 
It  is  also  tbe  cry'stallograpbic  axis,  tbe  crystal  beiiij; 
symmetrical  about  it  A  jdane  containing  this  axis  ninl 
perpendicular  to  one  of  the  faces  of  the  crystal  is  called 
a  principal  section^  or  princi]>al  plane. 

If  the  upper  surface  of  such  a  rhombohedron  hn 
covered  with  a  card  through  which  a  small  bole  has 
been  pierced  (Fig.  216),  and  if  sunlight  be  allayed  to 
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Vfall  on  this  card,  two  beftms  of  light  CE  and  CO  -will  be 

Veeeu  to  traverse  the  crystal  and  two  images  B  and  0  to 

lye    formed  on  the  farther  side  of  it     Clearly,  since 
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ibere  are  here  two  refractions,  tliere  mast  be  two 
cliauf^es  of  speed  due  to  two  different  elasticities.  The 
crystal  is  said  to  be  doubly  refracting.  Again,  if  the 
orA*8tal  be  placed  on  a  card  on  which  is  a  black  dot  d, 
(Fig.  217),  the  same  perforated  card  being  upon  its  upper 
surface,  it  will  be  noticed  that  there  are  two  positions  of 
the  eye  in  which  the  black  dot  can  be  seen ;  Le.,  the 
iitious  0  and  E,  Hence  the  radiations  wust  travel 
ing  the  line  c?C  within  the  crystal  with  two  different 
speeds,  since  on  emerging  into  the  air  where  the  speed 
is  tlie  same  for  both,  they  are  differently  refracted. 
Moreover,  of  the  two  refractive  indices  thus  resulting, 
the  greater  index  corresponds  to  the  slower  speed  within 
the  crystal  and  the  Iphs  index.  t<3  the  greater  speed. 

If  the  rhoiobohedrou  be  placed  over  the  black  dot 
and,  while  viewed  at  a  constant  incident  angle,  be  turned 
ronnd  on  its  lower  surface,  one  of  the 
two  images  of  the  dot  will  be  seen  to 
revolve  about  the  other  (Fig.  218),  the 
line  joining  the  two  remaining  always 
in  the  pnncipal  plane  of  tJie  crysbil; 
i.e.,  parallel  to  its  shorter  diagonal. 
The  stationary  image  suffers  equal  re- 
fraction of  course  in  all  i>ositions  of  the  rhombohedrou. 
Hence  the  refracted  ray  is  always  in  the  plane  contain- 
ing the  normal  and  the  incident  ray,  and  the  ratio  of  tlie 
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Huies  is  oou!$tant  The  ray  wliich  tbu^  follows  both  th» 
Iawb  of  oriliuary  refractiou  ib  called  the  ordinary  w, 
and  its  iiiiuge  the  ordinary  image.  The  uther  lunl 
revolviiig  image  is  in  the  plane  of  iucideuce  only  wb«o, 
tho  principal  plaue  coincides  with  this  incidf*ut  plane. 
When  the  principal  plaue  is  at  right  ztugleH  to  the  luci- 
dent  plaue,  the  ray  from  this  image,  aince  it  lies  id  tli? 
)>riucipal  plane,  does  not  lie  in  the  plaue  of  iucidexKu 
Moreover,  in  the  two  jKmitious  of  the  crystal  in  which  it 
ia  in  the  iucideut  plaue,  it  is  more  refracted  iu  one 
and  less  refracted  iu  the  other,  than  the  ordiuary  m. 
Since,  therefore,  this  ray  follows  neither  of  the  laws  nf 
ordinary  refractiou,  it  is  called  the  extraordinary  raj,  a&J 
its  image  the  extraordinary  image. 

44-5.  Axis  of  no  l>onl>lo  Ki^fractloii. — There  is  one 
ilirectiou  in  such  a  crystal  aloug  which  a  radiant  beam 
ma^-  be  transmitted  without  being  <livided  iuto  tM' 
This  is  the  direction  of  the  optic  axis,  which  is  theref 
called  the  axis  of  no  double  refraction.  Starting  from  ikih 
axis,  the  diB'ereuce  between  the  ordinary  and  extrtmrdi- 
uary  rays  increases  until  it  reaches  its  luuximnm  in  a 
direction  perpendicular  to  this  axis.  Hence  iu  a  plane 
perpendicular  Uy  the  optic  axis,  the  extraordinary  inilex 
is  constant.  If  a  prism  be  cut  from  a  crystal  of  IccbiDil 
spar,  so  that  its  refracting  edge  is  perpendicnlar  to  tli»* 
optical  axis,  then  iu  the  pomitiou  of  minimum  deTiation, 
the  radiation  will  travei-se  it  parallel  to  this  axis  and 
there  will  be  but  a  single  image  produced,  and  that 
the  ordinary  one.  The  refractive  index  obtained  on»]«r 
these  circumstances  will  be  the  ordinary  index,  which 
for  the  line  D  and  for  this  sul>stance  has  the  vidoe 
1-658.  If,  however,  the  prism  he  cut  so  that  the  refnu't- 
ing  edge  is  parallel  to  the  optic  axis,  then  a  ray  trar- 
ersing  it  in  the  position  of  minimum  deviation  pasw* 
through  it  in  a  direction  perpeudicular  to  the  optic  axis; 
and  not  only  is  divided,  but  the  components  have  the 
maximum  separation.  If  now  the  indices  of  refmctitm 
for  the  two  rays  be  measured  for  the  I>  line,  one  of  tbein 
will  be  found  to  have  the  value  l*6o8  as  before,  while 
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the  other  or  extraordinary  index  will  have  the  value 
1-486. 

440.  Vuiaxial  and  Biaxial  Crystals. — The  phenome- 
non of  donble  refraction  is  not  peculiar  to  Iceland  Bpar. 
All  crystals  possess  this  property  except  those  belonging 
to  the  isometric  or  cubic  system,  though  in  a  less 
marked  degree.  Quartz,  for  example,  shows  doubJtr 
refraction  distinctly  ;  but  on  measuring  the  two  indices 
of  refraction  for  the  D  Hue  it  is  found  that  the  extra- 
ordinary index  in  this  case  is  the  larger,  being  1*553; 
while  tlie  refractive  index  for  the  ordinary  ray  is  1'544, 
Such  crystals  us  quartz,  in  which  the  ordinary  imlex  is 
smaller  than  the  extraordinary,  are  called  poflitive;  while 
crystiils  likff  calcite  in  which  the  converse  is  true  are 
called  negative.  In  the  hitter,  tlie  ortliuar}'  ray  is  the 
mnn;  refracted ;  in  the  former,  the  extraordinary  ray. 

Moreover,  crystals  belonging  to  the  quadratic  and 
tlie  hexagonal  systems,  iji  wliich  the  vertical  axis  is  sym- 
metrical \vith  reference  to  the  lateral  axes,  have  only  a 
single  direction  along  which  radiation  cau  pass  witht>nt 
division.  Hence  such  crystjils  are  call*^d  nniaxial.  Cal- 
eite,  tourmalin,  corundum,  mellite  belong  to  the  nni- 
axial negative  class ;  quartz,  ice,  and  zirkon  to  the 
uniaxial  positive  class.  In  crystals  belonging  to  the  other 
three  systems,  there  are  two  directions  of  no  double 
refrjiction  ;  i.e.,  two  ojitic  axes  inclined  more  or  less  to  each 
other.  Such  crystals  are  therefore  called  biaxial  crystals. 
Niter,  aragouite,  borax,  bante,  tojmz,  and  sugar  are 
examples,  Fresnel  showed  that  neither  of  the  two  rays 
produced  by  a  doubly  refracting  biaxial  crystal  follows 
the  ordinary  law.    Both  are  therefore  extraordinary  ray.s, 

447.  Hu.vglienN*  Construction  i(»r  l>oiible  iCetrut.'- 
lion. — In  lfi90,  Huyghens  investigated  the  phenomena 
of  double  refraction  and  gave  a  construction  of  re- 
markable acuteness  for  the  path  of  the  rays  in  a  doubly 
refracting  medium  ;  this  construction  being  founded 
n{)on  his  wave-theory.  E\'idently  the  wave-front  of  a 
disturbance  radiating  from  a  center  in  an  isotropic 
medium  is  a  sphere.     The  ])ath  of  the  ray  after  refrac- 
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tion  at  the  surface  of  such  a  znediniu  Hnyghens  deter- 
mines as  follows  (Fig.  219) :  Let  OF  be  a  wave-froDt  and 


AO  the  normal  to  this  vave-frout  incident  on  an  isotropic 
surface  at  0.  Frnm  the  ])oint  0  us  a  center  draw  two 
spheres  "whose  radii  (>C  aud  OD  are  equal,  respectivelj, 
to  the  speeds  of  propagation  5  aud  S'  of  the  <]isturbaiioe 
in  the  first  and  secoud  media,  respectively;  ie,,  ti  the 
reciprocals  of  the  refractive  iudicos.  Contiune  AO  to  C 
and  draw  a  tangent  plane  at  C  to  intercept  the  8urfac«i 
say  at  the  point  R.  Draw  now  from  this  poiut  uuntlier 
taugeut  plane  to  the  second  sphere  and  let  the  point  u{ 
tangency  l>e  1>.  The  wave-normal  01)  through  tliis 
point  is  the  direction  of  refraction.  For,  evidently,  tl(* 
refracted  ray  is  in  the  plane  containing  the  norrnjd  ami 
the  incident  ray;  and  in  the  triangles  HOC  ami  ROD, 
we  have  OR  =^  S/ain  CRO  aud  OR  =  S'/am  DUO; 
whence  8/s  in  CRO  =  S'/sm  DRO,  or  sin  CRO  : 
sin  I)RO  ::  S:S' or  Mih  The  angle  CRO  is  there- 
fore the  angle  of  incidence  aud  DRO  the  angle  of  re- 
fraction. 

In  the  case  of  an  reolotropio  medium,  the  speed  i>{ 
propagation  will  not  be  the  same  in  all  directions.  In 
Iceland  spar,  for  example,  the  speed  of  the  extnu)r(li- 
nary  ray  along  the  optic  iixis  is  different  frrnu  the  spee<l 
in  a  jdane  perpendicular  to  this  axis,  the  latter  being 
the  great«jr.  Moreover,  the  speed  in  this  perpendicnlai 
plane  is  the  same  in  all  directions.  Evidently,  therefore, 
if  a  disturbance  should  radiate  from  the  center  in  such  a 
medium,  the  wave-^tont  would  be  a  flattened  ellijisoid 
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of  revolutiou.  Bat  in  leelAud  spar  we  have  a  compouud 
KDediuui,  isotropic  with  refereuce  to  the  oriliuary  raj', 
and  seolotropie  with  reference  to  the  extraordinary  ray. 
Hence  Huygbeus*  construction  for  both  of  these  rays. 
Hjet  SS'  (^^ig<  220j  be  the  surface  of  a  rhonibohedron  of 
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Iceland  spar,  AO  being  the  incident  ray,  OF  the  wave- 
front,  anil  OX  the  optic  axis.  The  wave-front  for  the 
ordinary  ray  within  the  spar  will  be  spherical  a«  before 
ftnd  01)  will  be  its  direction  after  refraction.  The  wave- 
front  of  the  extraordinary  ray  will  be  ellipsoidal ;  and 
drawing  snch  an  ellipsoid  with  the  iiptic  axis  as  its  minor 

k^iK,  its  major  axis  representing  the  reciprocal  of  the 
extraordinary  index,  the  direction  of  the  extrar>rdinary 
pay  will  be  that  of  a  line  drawn  from  the  point  0  through 
Uio  point  of  taugency  of  a  plane  from  R  upon  this  ellip- 
Boid  ;  i.e.,  the  direction  OE. 

In  this  case,  however,  the   plane  of  incidence  xb  a 

principal  section ;  i.e.,  contains  the  optic  axis,  and  is 

perpendicular  to  the  surface  of  incidence.     But  other 

incident  planes  may  be  Uiken.     Tims,  let  the  plane  of 

incidence  1)g  perpendicnlar  to  tlie  axis ;  then  the  axis 

at  O  (Fig.  221)  will  be  perpendicular  to  the  plane  of  the 

paper.     The   wave-snrfacos   in    the    ]dane    of   incidence 

^botb  have  circular  sections,  the  radii  being  proportional 

■to  the  speeds  of  the  ordinary  and  extraordinary  waves  ; 

H.e.,  to  the  recii>r(»cal8  (jf  their  indices.     The  jioints  of 

^Inngency  to  the  circles  representing  these  wave-surfacee 

are  evidently  the  points  through  which  the  normals  to 
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the  wav6-frout8  |uiS8 ;  iu  other  words,  OlJ  is  the  ordinin 
&nd  OE  the  extraordinurj    refracted   raj.     It  will  lie 
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noticed    that    in   this   plane  both  of   the   indices  tie 
constant. 

A  third  direction  may  be  assumed  for  the  iDd<1eat 
plane;  i.e.,  a  direction  parallel  to  the  optic  axis.  Let 
the  normal  to  the  wave-front  be  incident  at  O  (Fig.  22i\ 
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SOS'  being  the  optic  axis.  Completic^  the  diagram 
Wcfore,  it  will  be  observed  that  unw  the  extraordtnanr 
rar  OEIh  more  refracted  tlian  the  ordinary  OD ;  being  vft* 
pelled  apparently  by  the  axis.  Hence  the  term  repuLnn, 
applied  to  negative  uniaxial  crystals. 

In  the  Iceland-spar  ellipsoid,  the  semi-axes  a  and  h 
are  equal  to  l/m^  and  l/w,,,  the  rficiprocals  respectively 
of  the  extraordinary  and  the  ordinary  refractive  imiicox 
But  since  b  is  not  only  the  polar  semi-axis  of  the  ellip- 
soid, bnt  also  the  radius  of  the  sphere,  it  is  evident  tliM 
the  ellipsoid  is  tangftnt  to  the  sphere  at  the  extremiUesi 
of  this  axis;  aud  further,  that  as  m^  is  smaller  than  m,, 
a  mnst  be  longer  than  b^  and  hence  the  ellipsoid  mast  he 
f»xterior  to  the  Hy\ve\*o.    Obviously  in  the  case  of  a  posi- 
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tive  crystal  bucIi  as  quartz,  iu  which  the  ordiuary  iudex 
is  8inallor  thau  the  extracmlinary  iudex,  a  tuu.st  be  shorter 
than  L  Moreover,  b  is  now  an  axis  uoiuinou  to  the  ellip- 
soid and  the  sphere.     Consequently,  while  the  two  are 
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[eut  at  the  extremities  of  the  axis  of  revolution,  the 
ipsoid  is  prolate  and  the  sphere  envelops  it  (Fig.  223). 

H. — POLARIZATION. 

448.  Chanf^o  of  Iiiten»it>  in  DuiibU^   KefWtvtioii.^ 

If  two  rhombs  of  Iceland  spar  Im*  superposed  with  their 
edges  parallel,  the  pair  will  act  simply  as  a  single  plate 
of  double  thickness,  and  thw  separation  of  the  images 
will  be  doubled.  If,  however,  the  upper  rhomb  be 
tnrued  about  a  vertical  axis,  four  images  will  appear, 
the  two  new  ones  becoming  liriglitnr  and  tlie  two  old 
|'<inefl  fainter  until  the  rotation  reaches  45°,  when  all  will 
IiATe  the  same  intensity.  The  change  continues  on  rota- 
tvni  until  00^  is  reached,  when  Imt  two  images  are  seen, 
iticliued  45"^  U)  both  principal  sections,  which  of  course 
are  now  perjwndicular.  The  ordinary  wave  from  the 
lower  crystal  now  becomes  the  extraordinary  one  iu  the 
second  ;  and  vice  vfr»a.  As  the  rotation  continues,  four 
iaiAges  appear,  two  decreasing  iu  intensity  and  two  in- 
(ing  until  ISO"  is  reached,  and  the  principal  sections 
again  parallel,  but  the  crystals  are  revei*se(l  in  jMisi- 
iion-  But  one  image  is  now  visible,  the  upper  crystal 
undoing  the  work  of  the  lower.  This  change  of  intensity 
of  the  images  was  (djHerved  by  Huyglieiis,  wlio  comments 

1«n  the  "wonderful  phenomenon"  that  light  has  under- 
gone such  a  change  by  refraction  iu  the  first  rhomb  that 
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its  transmissiou  through  a  secood  aud  similar  rhoml) 
depcuds  oil  the  pubitinii  of  the  ])riuci[>ul  sectioo  of  the 
aecoud  rhomb  with  refereuce  to  th»»  tiryt. 

More  than  100  yeArs  hiter,  iu  180H.  Mulus,  engagedin 
verify iuR  the  Huyj^heiiiuu  law  of  double  rofraction, 
viewed  through  a  double-image  printu  the  light  reflected 
from  A  distant  wiudow,  aud  observed,  on  rotating  (Lis 
prism,  that  the  two  iniages  varied  in  intensity.  TV 
ordiuitry  image  disappeared  iu  two  opposite  positiousof 
the  prism,  aud  the  extraordiuary  image  also  in  two  op- 
posite positions  ;  but  the  second  positions  were  90*  from 
tiie  first.  This  variation  of  intensity  was  quite  similar  to 
that  observed  in  the  two  rhombs  of  spar  by  Hujghens;  aud 
it  became  evident  to  him  that  light  by  simple  reflectitm 
undergoes  a  change  in  its  character  similar  Uj  that 
which  it  suffers  by  double  refraction.  Id  short,  that  a 
beam  of  light  thus  treated  is  not  alike  upon  all  sideii. 
but  has  eertaiu  relations  to  surrounding  space  other 
than  ilireetion.  To  this  phenomenon  Mains  gave  the 
name  polarization. 

4:4U.  Polarization  by  Reflection. — If  the  above  ex- 
periment be  suitably  varied,  it  will  be  fouud  that  with  a 
non-metiillic  mirror  the  effect  produced  reaches  a  maxi- 
mum for  a  special  angle  of  incidence.  When  tho  polari- 
zation is  a  maximum,  Brewster  sliowed  that  the  tangent 
of  the  polarizing  rtugle  is  the  index  of  refraction  between 
the  media.     Thus  let  the  raj  AO  (Fig.  224)  fall  upon  the 

surface  SS'  at  the  jiolarinng 
augle;  then  the  angle  AON, 
which  is  tlio  angle  of  incidence  i, 
will  be  this  polarizing  anglv; 
and  hence  by  Brewster's  Iaw»  we 
shall  have  tan  i  =  n.  From  thin 
we  derive  the  expn^sjiiou 
sin  «7coBt  =  n  ;  and  from  the  hiw 
of  refraction,  sin  i/sin  r  =li; 
whence  sin  r  =  cos  t\  or  i  -|-  r  ^ 
90^  Consequently,  since  BOC 
+  t'  +  r  =  180°,  and  i'  =  t,  BOC  =  90^  Li  other  words. 
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at  the  polariziug  incidence  the  reflected  and  refracted 
rA3's  are  at  nght  angles  to  each  other.  The  plane  of  po- 
larisation for  light  polarized  by  reflection  is  deliued  to 
bp  the  plane  of  iucidpnce.  This  law  of  Brewster  is  in- 
dependent of  tlie  direction  of  the  ray  with  reference  to 
tlie  two  niedifu  The  ray  AO  (Fig.  225)  incident  at  the 
polarizing  angle  AON  or  * 
nj»on  the  np|>er  Kurface  of 
tlie  ghiss  plate  Iilf  is  re- 
flected U>  B,  the  angle  JW(P* 
Wing  a  right  angle.  80  the 
my  00\  incident  upon  the 
lower  surface,  and  therefore 
incident  in  the  denser  niedi- 
ntn  at  the  polarizing  angle 
OO'N'   or  1',  is  reflected  to 

</",  the  reflected  ray  O'O"  waking  a  right  angle  with  the 
refracted  ray  0  ('as  before.     This  must  be  so  from  the 
fact  that  the  refractive  index  from  the  rarer  to  the  denser 
medinm  is  the  reciprcK^al  of  that  from  the  denser  to  the 
r»rer»  and  hence  if  Uin  1'  =  n,  tan  i'  =  1/n ;  whence  tani 
=  1/tan  i\  and  the  polarizing  angle  at  the  second  surface 
'18  tlie  eom]>tenient  of  that  at  the  first.     This  appears 
|/niiii  the  figure;  for  the   incident  angle  at  the  second 
l^urface^  N'O'D^  is  equal  to  0'0n,\\^  alternate ;  and  since 
OOn  +  O  OB  +  HON-.  180°  and  BOO'  ~  90",   O'On 
[-}-  NOB  =  IK)"^ ;  i.e.,  the  two  polanziug  angles  are  com- 
d(Tnieutury.     It  follows  from  this  U^at  if  the  angle  of  in- 
cidence at  the  first  surface  is  the  jM>larizing  angle,  tin* 
angle  »jf  incidence  at  the  second  surface  will  bi*  so  alsn. 
^CoDseipiently  the  total  amount  of  light  in  the  reflected 
fljeam  fmm  both  surfaces  will  be  completely  polarized. 
At  the  polarizing  angle,  however,  only  a  fraction  of  the 
total  incident  light,  not  more  than  a  twelfth,  is  reflected, 
o  tluit  to  obtain  an  intense  l>eam,  it  is  necessary  t<^  in- 
uwe   the    number    of  reflecting  surfaces.     Henco  tho 
vtMd  of  a  number  of  Uiin  plates  of  glass  as  a  polarizing 
apparatus,  (en  i:>r  twelve  Iteing  in  general  sufficient     Of 
conrHe  knowing  the  refractive  index,  the  polarizing  angle 
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can  be  calculated  by  BrewBte^V  luw.     Thus  for  walcr, 
whose  mottu  iudex  16  1332.  Uu  -» 1-332  =  ^"^  6';  Sor 

crown  glasB,    tan  ~  *  1'515  =  55*^  58*;    for    flii* 
tan  -  '  1022  -  57"  45'  i  and  for  diamond,  tan  "•  . 
&l^  57'.     Evidently,  however,  Hiuoe  the  index  for  a  jciteii 
inediuui  differs  witli  the  wave-fi'equeufy  of   the  incideut 
radiation,  tlif  pohiriziug  ungh*  imist  be  tliff<*rei]t  for^ach 
kind  of  radiation. 

If  the  radiation  be  incident  at  sorue  oth«*r  ihaii  tlir  |h»- 
larizing  angln,  the  reflected  beam  still  contains  comjtlet^lr 
polarized  radiation,  but  this  constitutes  only  a  fractioD 
of  it,  the  rest  coiiftistiii^  of  (ordinary  radiation  numodifieil 
by  the  reflection.  If  such  a  partially  ])oIarized  beam 
8ufler  subse<{ueut  Himilar  reflections,  the  proportiou  of 
polarized  radiation  continually  increases  until,  as  Brew- 
ster has  shown,  the  beam  becomes  practically  completelv 
polarized ;  the  number  of  reflections  which  are  necexsarr 
increasing  in  proportion  as  the  angle  of  incidcuce  is 
more  removed  from  the  angle  of  polarization. 

450.  polarization  liy  Helracliuii. — But  uot  only  !» 
the  reflected  jiortiim  uf  the  incident  beam  in  the  above 
experiments  polarized ;  the  transmitted  portion  in  polar- 
ized  also,  but  with  this  difference,  that  the  plau**  of 
polarization  which,  in  the  former  case,  is  tlie  plane  of 
incidence,  in  the  latter  case  is  at  right  angles  to  this 
plane.  Hence Arago*s law  :  AVheu  radiation  ispartlj 
reflected  at,  and  partly  transmitted  througli,* 
transparent  surface,  the  reflected  and  trans- 
nutted  portions  contain  etjual  portions  of  poUr- 
ized  radiation,  the  planes  of  polarization  being 
at  right  angles  with  eaoli  other.  As  in  the  reflect^ 
portion,  the  fraction  of  polarization  in  the  refracte*!  l^uun 
increases  with  successive  refractions,  until  the  transmitted 
beam  is  completely  polarized. 

451.  TransmlHsiun  ami  Reflection  of  Pohirixnl 
KaUlutlou. — It  follows  from  what  has  been  said  thai  if 
a  beam  of  polarized  light  be  incident  npon  a  reflecting 
surface  at  the  polarizing  angle  in  such  a  way  that  iU 
plane  of  polarization  coincides  with  the  plane  of  incidence. 
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it  Drill  be  wholly  reflected  ;  while  if  its  plaue  of  polariza- 
tioD  be  at  right  augles  to  the  plaue  of  iiicideucej  it  will 
|t>e  wlkolly  transmitted.  So  that  if  we  maj  assume 
[-ordinary  riidiatiou  to  be  made  up  of  two  equal  portions 
[«Ach  pohirized  in  a  plane  perpendicular  to  the  other, 
the  process  of  polarization  by  reflection  and  refraction 
JTesolveB  itself  simply  into  a  sort  of  sifting  process,  the 
loue  portion  or  the  other  being  transmitted  or  reflected 
trding  as  its  plane  of  polarization  is  at  right  angles 
►,  or  is  parallel  to,  the  plane  of  incidence. 
Thus  if  two  flat  plates  of  glass  ab  and  cd  (Fig.  226) 


be  80  placed  that  the  first  receives  the  radiation  AO 
at  the  polarizing  angle  AON  and  reflects  it  to  the 
gecond,  it  is  clear  that  the  reflected  beam  00'  is  polar- 
iKed  in  the  plane  of  incidence ;  i.e.,  the  plane  of  tlie 
paper ;  and  therefore  being  incident  upon  the  second 
plate  with  the  plane  of  polarization  parallel  t(»  that  of 
incidence,  that  it  will  be  reflected  along  the  path  0' U. 
The  same  will  be  true  if  the  second  mirror  be  revolved 
about  00'  as  an  axis  through  180^  since  the  same 
condition  remains  true  (Fig.  227).  Hut  if  the  rotation 
is  only  90°  in  either  direction,  then  it  is  evident  that  the 
pliiuo  of  polariziition  and  the  plane  of  incideuce  on.  tlv\a 
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secotid  mirror  are  perpendicuUr  to  each  other  aud  the 
beam  will  be  trauBinitted  iuHteiul  of  retleeted.  Sj  at 
tachlng  the  mirrors  to  the  outer  euds  of  two  tube^ 
cue  of  which  slideH  withiu  the  other,  so  that  the 
normals  to  the  mirrors  form  with  the  axia  of  the  tubei 
the  polariziuf^  augle,  aud  throwing  a  bt^aiii  of  Ught 
upon  one  so  that  it  will  be  reflected  oentrally  thruu^'h 
the  tul>e,  it  M*ill  be  obnerved  that  the  source  of  li^htcui 
be  seen  by  reflection  fr<*m  the  second  mirror  only  when 
the  incident  planer  to  the  mirrora  are  parallel ;  aud  that 
it  can  be  seen  by  trausuiissiou  (when  a  bundle  t>f  platea 
is  used)  only  when  these  incident  planet>  are  perpeD- 
dicular  to  each  other. 

452.  Vnrintion  ol'lntenNity.— Law  of  MuIiik.— If  tbt^ 
angle  between  the  planes  of  incidence  on  the  two  mirrons 
bo  intermediate,  the  iutennity  of  the  radiation  reflected 
from  the  second  surface  will  be  found  Ui  varv  as  the 
square  of  the  cosine  of  the  angle  between  these  two 
])Iane8 ;  a  law  due  to  Malus,  So  that  if  n  denote  this 
angle  and  /the  maximum  intensity,  we  have  for  the  actiul 
intensity  7  cos' «' ;  which  becomes  1  when  0  =  0"  or 
180* ;  and  zei-o  when  n  equals  90"^  or  270^  Indeeti  if  » 
beam  couttiiuing  two  equal  portions  of  polarized  ra<li«- 
tion,  whose  planes  are  perpendicular  to  each  other,  be 
incident  upon  a  reflecting  surface  so  that  the  polariza- 
tion pjjine  of  one  makes  au  angle  tr  with  the  incident 
))lan*'  niid  that  of  the  other  makes  an  angle  W°  —  a  with 
it,  the  intonsity  of  the  reflected  beam  in  the  first  case 
will  be  /  cos'  a  and  in  the  second  /  cos*  (90**  — a)  or 
/  sin'  a.  The  combined  intensity  of  the  two  will  be 
J  (cos'  a-\~Hin'  a)  or  I;  ie.,  the  intensity  of  either  beam 
alone  when  at  its  maximum.  Hence  the  intensity  of  & 
beam  thus  coiuposed  will  be  constantly  the  same  after 
reflection  whatever  the  a/imuth  of  the  uicident  plane 
with  reference  to  its  axis.  This  fact,  as  common  observa- 
tion teaches,  is  true  of  common  light. 

4M,  Polarization  by  Double  lU^tVactioti. — The 
change  in  the  intensity  of  the  images  produced  by  double 
refraction  wheu  tV\e  u^t^^it  ot  two  Iceland-spar  crystals 
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revolved  upon  the  lower,  is  of  the  same  kiud  as  that 
just  described  and  foHowN  the  same  law,  the  iuteusity 
rarying  as  the  square  of  the  rosine  of  the  angle  made  by 
the  two  principal  sections  nf  the  crvHtals.  Moreover,  if 
we  examine  tlie  two  beams  produced  by  double  refrao- 
iim,  we  find  that  the  ordinary  beam  is  cujmble  of  reflec- 
tion only  when  the  principal  section  o£  the  crystal  and 
the  incident  phiue  of  the  reflecting  surface  are  parallel. 
The  ordinary  beam  therefore  must  be  polarized  in  a 
plane  parallel  to  the  principal  sectinn.  So,  siuce  the 
f?!Xtraordinary  beam  is  transmittetl  under  tliese  condi- 
tions, or  is  Inflected  when  thi^  principal  section  is  per- 
pendicular to  the  incident  phuie,  it  must  be  polarized 
iu  a  plane  perj)endicular  to  the  principal  section.  Hence 
the  two  beams  which  issue  from  a  doubly  refracting 
-crystal  are  polarized  iu  planes  at  right  angles  to  each 
<ither. 

Certain  doubly  refracting  crystals  have  the  property 
of  absorbing  or  destroying  one  of  the  two  beams  into 
which  orduiary  light  is  resolved  by  them.  Tourmalin 
is  such  a  crystal.  If  a  plate  be  cut  from  a  tourmalin 
crystal  parallel  to  its  optic  axis,  and  a  beam  of  common 
light  be  passed  througli  it,  the  emergent  beam  will  be 
I  found  to  b»>  polarized  in  a  plane  poi'pendicular  to  this 
Hfexis.  But  since  two  beams  must  have  beeu  produced 
^"bv  the  ilouble  refraction,  it  follows  that  tie  one  of  these 
m  l>eams  whose  plane  of  polarization  is  parallel  to  the 
optic  axis  has  beeu  absorbed. 

I'  4ff4.  Douhlr-lnini^r     Prisms.— NIcol     Prisms. — We 

liiive  seen  that  the  maxinnim  difference  between  the 
ordinary  and  extraordinary  indices  is  in  a  plane  perpen- 
dicular to  the  optic  axis;  and  lieuce  that  the  maximum 
sej>aration  of  these  rays  is  obtained  when  the  crystal  is 
cut  int<i  a  prism  such  tlmt  tlu^  refracting  edge  is  parallel 
to  the  axis,  so  tliat  the  light  traverses  it  in  a  }>laue  per- 
pendicular to  this  axis.  But  owing  to  the  dispersion 
produced  by  such  a  prism,  it  is  necessary  in  practice  to 
Achromatize  it  for  either  the  ordinary  or  the  extraordi- 
uftry  ray  by  means  of  a  prism  of  glass  reversed  in  po- 
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Biti»>n.     Or  better,  as  WoUft8t<JU  suggetitoil,  by  measM  o{ 

;i  HHcouil  prism  of  tbe  aarae  matoriul  nlioae  refractmi? 
Hilf^o  Is  perpendicnlftr  Uj  llin  optic  axis.  Sach  a  dew* 
Ih  ealled  a  double-image  prism. 

Owing  t<*  the  coiupU'te  polarizatiou  produced  W 
double  refraction,  aud  to  tLu  fnt^t  that  Ict^laud  sptu*  caii 
he  procured  iu  lar^**  tnasses,  this  substauce  is  t'nnjmonly 
UHed  for  polarizing  purposes.  But  it  is  ufteu  ueceMftry 
t*>  HUpprc'Sfl  <»ne  nf  the  two  beams.  This 
was  first  done  by  Nicol  by  cutting  a  pand- 
Ielopi|>ed  of  Iceland  spar  whosr*  Ipu<!tli  w 
twice  it«  thickuej*«,  by  a  plane  pantiing 
tlirough  its  obtuse  Bolid  aiigloH,  [Kdisliiiig 
tho  surfiicps.  and  cementing  tbeci  together 
Again  aH  before  by  a  layer  of  Canada  bal- 
sam (Fig,  '228).  The  index  of  rufrai'tiau 
of  the  balsam  lies  between  the  ordinary 
and  the  extraordinary  iudicea  of  Iceland 
spar.  So  that  if  a  beam  iuoidt^nt  in  a 
<lirection  parallel  to  the  lateral  edges  of  tlio 
prism  be  divided  into  two  within  the  pnsiDt 
the  ordinary  beam  will  meet  the  snrfareof 
the  balsam  at  an  angle  greaUT  than  the 
critical  angle  and  will  be  totally  rellected 
and  thrown  out ;  the  extraordinary  bewa 
passing  through  the  prism.  Tliis  is  iimnred  by  giving 
the  end  faces  of  the  prism  an  angle  of  (^°  w-itli  the  blnat 
lateral  edges  of  the  parallelopiped  in  ])lace  of  71",  tb« 
natural  angle;  so  that  these  end  fares  are  perpendieolftr 
to  the  artificial  plane.  This  device  is  railed  a  Hicol 
prism. 

455.  PolnrlseopeH. — A  polariscope  is  an  iustrumeut 
for  producing  and  testing  polarized  lights  It  i«  com- 
posed of  two  characteristic  partH,  the  polarizer  and  t]i« 
analyzer;  whidi,  since  polarize*]  light  is  examined  by  the 
same  means  that  are  used  to  produce  it,  may  be  any  of 
the  devices  alread}^  mentioned  for  producing  it  Thus 
the  two  glass  plates  already  described,  phiced  on  a  tube 
about  the  axis  of  which  thev  can  rotate,  and  iucline^l  to 
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Ihit)  axis  at  tlie  comploment  of  the  polarizing  augle,  is 
kuouni  as  Blot's  pohiriscopp.  Either  Jiiirror  at  pleasure 
may  be  used  tr)  pohiri/.e  the  ligJit,  the  other  being  then 
Bsed  to  aualysse  it  So  a  bnudle  of  thiu  plates,  a  double- 
image  prism,  a  phite  of  touriiialiu,  or  li  Nicol  prisin  may 
K*  n«od  n«  tlio  polanz(^r,  and  eitlicr  of  these  in  turu  may 
lerve  alao  aH  the  aualyzer.  The  Nicol  prism  is  geu- 
e rally  preferred  for  both  uses.  Evidently  when  the 
incipient  planes  or  the  prinripal  sectioiiH  of  the  polarizer 
aud  aual^'zer  are  crossed,  no  light  is  transmitted  through 
»lie  ]>olanHt'ope  and  the  tirld  is  dark. 

4^41.  Natitro  of  Plaiit'-poliirizeU  ICadlation, — The 
|>oIari/.etl  radiation  thus  far  studied  is  characterized  by 
bavinf:;  ji  plane  of  polarization  and  hence  is  said  to  be 
plane-polarized.  A>s  we  have  seen,  it  is  capable  of  rellec- 
iion  only  wiien  its  plane  coiuciiles  with  the  plane  of 
iucidenc*^.  antl  i>f  transmission  through  a  doubly  re- 
fracting crystal  (mly  when  its  plane  is  ])arallol  to  the 
principal  section  of  this  cr^'stal.  The  wave-theory, 
Khich  in  the  liauds  of  Young  had  so  admirably  ex- 
plained the  pheuomena  of  interference,  entirely  failed 
or  a  long  time  to  account  for  polarization.  Even  as 
nte  rts  1821,  the  time  of  Fresnel,  tether-waves  were 
regarded  us  waves  of  compression  aud  rarefaction,  the 
>artioleH  vibrating  in  the  line  of  propagation  and  differ- 
ng  from  .sound-waves  onlj'  in  length  and  in  the  speed  of 
>ropagation.  By  the  introduction  of  the  idea  of  traua- 
rerse  vibrations,  Fresnel  was  able  U>  explain  by  means 
of  tlie  wave-theory  the  most  complex  pheuomena  <jf 
|>n1an/.ati<»n  as  readily  and  completely  as  he  had  already 
accounted  for  those  of  interference.  For  it  is  tdivious 
(hut  now  a  ray,  consisting  of  a  single  row  of  particles 
Iransndttiug  radiation,  may  be  considered  the  axis  of  a 
t»ave-form,  all  the  particles  vibrating  transversely  to  the 
dirt?ction  of  propagntiitu,  but  successively.  If,  further^ 
wc  )iup|M)se  these  transverse  vibrations  of  successive  par- 
ticJes  to  be  executed  all  in  one  plane,  evidently  such  a 
ray  will  be  differently  reflected  or  .r*'frarted  according 
AM  the  ]dauc  of  vi}>ratiou  is  parallel  or  per])endicular  to 
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ttLat  of  mcidcuco.  Sucii  a  my,  tlierefore,  is  plune-polar. 
ized.  Opinions  differ,  howev»»r,  ou  thr  (juestioti  wLelhft 
the  plane  of  vibratiou  coincides  with  the  plane  of  jwlnn- 
zation  or  is  i)ei|>eudicular  to  it.  The  weight  of  evidence 
at  present  is  in  favor  of  the  lattei;  view, 

4;>7.  t'ir<*iiljir  aii<l  Kllititieiil  Polaricatioti. — \u  tLf 
wave-front  of  phine-polarized  hotnogeueoiiH  radiation,  «]1 
tlie  vihriitin^  particles  move  ui  Htraight  lines,  perpen- 
dicular to  the  plane  of  polarization.  Sujipose  now  two 
such  wave-fronts  to  meet,  each  having  the  same  aniplitaile 
but  in  ono  of  which  tlie  vibration-plane  is  porpeudimUt 
to  that  in  the  other,  and  one  of  which  Is  one  quarter  of 
u  wave  in  advance  of  the  other.  The  resulting  moticrQ 
of  the  rt'ther-particle  thus  simultaneously  acted  on  bj 
the  two  waves  will  be  circuhu* ;  just  as  when  two  peu- 
dtilums  vibrating  in  i>erpeudicular  planes  and  differiug 
a  quarter  of  a  period  in  phase  are  compounded  {5%). 
WIdle,  therefore,  each  particle  in  the  wave-front  de- 
scribes a  circular  path  whose  plane  is  perpeudiculur  to 
the  wave-normal,  the  successive  j)articleH  constitiitiii<; 
the  wave  big  slij^htly  each  behind  tlie  other;  so  that  ihv 
wave  has  the  forn»  of  a  helix,  circular  in  cross-section; 
and  tlie  radiation  is  said  to  be  circularly  polarixed. 

The  experimental  production  of  circulai'ly  ]>olarized 
light  corresponds  exactly  to  that  above  described.  Let 
a  beam  of  plane-polarized  light  fall  on  a  plate  cot 
from  a  doubly-refracting  crystal,  the  faces  of  the  plate 
being  parallel  to  the  principal  section,  and  the  plane  of 
polarizatiiM)  inclined  at  45**  to  the  axis.  Two  equal 
beams  will  be  thus  produced,  plane-polarized  at  right 
angles  to  each  other.  But  since  the  extraordinary  l>eam 
has  travelled  over  a  longer  path  through  the  phite,  the 
two  beams  are  not  in  the  same  phase  ;  so  that  if  tlie 
plate  be  cut  of  such  a  thickness  that  this  diflference  of 
phase  is  one  (juarter  of  a  period,  we  shjill  hiive  thu 
required  conditions ;  two  waves  polarized  iu  perpendicu. 
lar  planes  and  differing  in  ph»se  by  quarter  of  a  period. 
Hence  the  beam  emergent  from  the  crystal  plate  (whicl 
is  called  a  quarter-undulation  plate)  is  circularly  polar- 
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ized.  Evideutly,  the  tbicknoHH  of  hucIi  a  plate,  being  a 
function  of  the  wave-length,  is  different  for  each  differ- 
ent color  and  must  be  used  in  monochromatic  light.  In 
some  cases  a  pair  of  plates  is  used,  superposed  ou  each 
olhi*r;  their  action  being  differential. 

Fresners  rhomb  is  another  dence  for  effecting  a 
n>tjirdatiou  of  one  quarter  of  a  wave.  It  is  based  ou.the 
fact  that  when  a  phme-polarized  beam  is  incident  on  a 
reflecting  snrface  ho  that  the  plane  of  polarization  is  not 
coincident  with  nur  perpendicular  to  the  incident  plane, 
it  is  resolveil  into  two  beams  polarized  respectively  in 
and  perpendicnlarly  to  tliis  phiiie  of  incidence;  the  in- 
teuaitj  of  these  beams  being  equal  when  the  plane  of 
polarization  of  the  original  beam  is 
inclined  45^*  to  tlie  incident  plane. 
Moreover,  we  have  alrea4ly  seen  that 
there  is  a  change  in  phase  in  reflec- 
tion. Fresiiel  observeil  that  in  8t. 
Oobain  glass,  wljose  index  is  1%51, 
there  is  a  difference  of  phase  of 
one  eighth  of  a  wave-length  Avheu 
the  polarized  liglit  is  totally  re- 
flected from  its  surface  at  an  angle  of 
54°  37';  so  that  by  two  such  retlec- 
ttons,  a  difference  of  \\  will  bo 
obtained.  On  making  a  rhomb  of  such  glass  (Fig,  229) 
the  iu?ute  angles  of  which  are  54°  37',  and  M-hich  is  rect- 
angular in  section,  a  l»eam  of  polarizeil  light  whose 
polarization-plane  is  45^^  to  the  incident  plane  entering 
normallv  will  suffer  two  retlections  successively,  and  will 
emerge  normally  circularly  polarized  ;  having  been  re- 
fiolved  int»»  two  pqual  beams  oppositely  polarized  and 
differing  by  a  tpiarter  of  a  period.  Circularly  polarized 
light  Im  capable  f»f  reflection  equally  in  any  azimuth  like 
common  light.  But  on  passing  it  through  a  second 
rhomb,  the  difl'erence  of  phase  is  doubled  and  the  emer- 
gent beam  is  again  phiue-polari/ed.  its  plane  of  polariza- 
tion being  now  iuclined  45'^  to  the  plane  of  the  original 
incident  beam ;  since  two  equal  rectangular  plane  Wbra- 
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tiooH  differiuf^  by  half  a  period,  compound  iuto  a  siugle 
plaue  vibrutiou  iuteriuediate  between  tb*-  i^^"  in  ilirvi- 
tion. 

Evidently  iu  all  the  cases  alwve  cousideieU,  if  Uih 
ampHtudeH  of  vibration  be  uot  equal  ff»r  the  tuu  bfaiu« 
or  if  tUe  difference  of  period  be  iutermedinte  betweeu 
the  valueH  giveu  (i.e.,  betweeu  0  aud  jA  or  between  | A 
an<l  ^A),  the  reKultant  wave  will  be  elliptically  polarix^d; 
the  axes  of  the  ellipse  iu  the  former  oiise  being  parallel 
to  the  polarization  plaues  of  the  couHtitnent  beams,  and 
iu  the  latter  iucliued  to  them.  Light  reHected  from  tii« 
surfaces  of  Kubstauuea  of  high  refractive  power,  such  as 
the  diamoud,  aud  from  metallic  surfaces,  is  found  to  be 
elliptically  jK)iarized  ;  its  intensity  varying  from  a  iuax- 
imum  to  a  miuinnm  as  the  Nicol  prism  is  rotated,  hat 
never  becoming  zero.  Hence  for  such  surfaces  there  is 
an  incident  angle  of  maximum,  hut  uot  an  angle  of  com- 
plete, polarization.  By  receiving  a  beam  of  elliptically 
polarized  ligbt  upon  a  double-image  prism  txud  turning 
it  until  the  two  beams  have  the  maximum  dirterenceof 
intensity,  the  principal  seciiou  of  the  prism  will  bare 
the  direction  of  one  of  the  axes  of  the  ellipse;  their 
lengtlis  being  proportional  to  the  square  roots  of  their 
inteusities. 

4itK.  Ititerrereiice  of  PolariKcU  Ra<liatiou.  —  If  twi> 
polnrizing  devices,  Kuch,for  exaniple,j;UH  two  Nicol  prisiOH, 
be  placed  with  their  ])rinci|)al  sections  crossed,  uo  light 
will  traverse  them.  But  if  a  thin  plate  of  some  doubly 
refracting  substance  be  inserted  betweeu  the  two  prisms, 
the  light  will  be  trauwmitted.  Closer  obsorvatiiui  will 
fihf)w  that  there  are  two  positions  of  the  thin  plate  at 
right  angles  to  each  other  in  which  no  effect  will  be 
produced  ;  these  being  when  the  principal  section  of  this 
plate  is  parallel  or  perpendicular  to  the  plane  of  polari- 
Zfition  of  the  incident  light.  At  all  intermediate  posi- 
tions, light  pases  through  the  analyzer,  its  inteusity 
reaching  the  maximum  wlien  the  principal  section  of  the 
plate  makes  an  angle  of  45°  with  the  plane  of  polariaca- 
tiom    This  effect  is  one  of  the  most  delicate  tests  of 
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double  refracdon  in  a  snbntauce.  Moreover,  it  will  he 
found  tlifit  if  the  plate  be  very  thin  aud  if  white  light  he 
einidoyed,  the  transmitted  beam  is  colored,  the  color 
dependiug  ou  the  thickuess  of  the  plate;  and  that  if 
the  plate  he  rt>tated  iu  its  own  plane,  the  color  van- 
iHhes  four  times  iu  every  complete  revolution.  If,  how- 
over,  the  analyzing  Nicol  be  rotated,  the  color  given  by 
the  plate  will  be  observed  to  pass  graduall}-  into  its 
complementary  color  every  90°  of  rotation.  TJie  sub- 
stanceH  most  commonly  used  for  the  thin  plate  are  mica 
and  selenite,  since  both  tliese  miueralH  readily  cleave 
into  thin  lamina*. 

These  phenomena  are  due  simply  to  interference. 
Two  polarized  beams  can  be  made  to  interfere,  as 
Fresnel  has  shown,  only  when  their  planes  of  ])olariza- 
tion  are  coincident,  Suppose  now  a  plane-polarized 
beam  to  fall  on  a  doubly  refracting  plate  whose  pnncipal 
section  is  at  45*  to  the  plane  of  polarization.  Evidently 
it  will  be  split  into  two  beams  polarize<l  in  per])endicular 
planes.  Each  of  these  beams  falling  ou  the  analyzer  at 
45°  will  be  split  into  two  othei*s  also  pohirized  perpendic- 
ularly, those  components  of  l.>oth  pairs  alone  being 
transmitted  whicli  are  perpendicular  to  the  principal 
.section  of  tl»e  analyzing  Nicol.  These  transmitted  beams 
are  iu  the  same  plane,  therefore,  and  their  eflect  upon 
each  other  will  depend  upon  their  difference  of  phase. 
Now  the  speeds  within  the  thin  plate  are  diH'ereut  for 
the  two  beams;  and  lience  for  a  given  wave-length  there 
IK  a  certain  thickuess  of  plate  which  will  produce  a 
difference  of  phase  of  half  a  wave-length  l>etween  the 
two ;  a  condition  which  will  cause  the  two  beams  to 
destroy  each  other. 

•I5U.  King-systeiuK  ol'L'nia.vhil  and  Biaxial  C'r3'NtalH. 
— If  a  plate  cut  from  any  uniaxial  doubly-refracting 
crjatal  })erpendicular  Ui  its  axis  be  examined  in  a  cou- 
verj;ent  or  divergent  pencil  of  plane-polarized  light* 
produced  by  means  of  a  lens,  a  .series  of  circular  colored 
fringes  or  rings  will  be  seen,  intersecttnlat  the  center  by 
a  whit*  or  a  black  cross  (Fig.  *230,  A).     Since  the  incident 


light  is  oblique,  the  thickness  of  the  Blni  traversed  in- 
creftses  with  the  distauce  from  the  center  aad  so  oauaea 
iuterfereuce  in  the  inverse  order  of  tlie  wave-length; 
thus  producing  au  inverted  spectruni  repeated  at  definite 
iutervals.  Again,  since  the  beam  of  light  is  conical  and 
is  incident  symmetrically  about  a  center,  these  pheuoui- 
ena  appear  symmetrically  as  a  series  of  circular  fniige« 


or  rings  of  color.  Since  no  light  traverses  the  analyzer 
in  one  fixed  plane  nor  the  polarizer  iu  u  perpendicular 
one,  when  the  two  are  crossed  the  black  intersectinf^ 
cross  represents  the  two  polarization  planes  of  the 
polariscope.  If  the  section  be  cut  parullel  to  the  axis, 
the  fringes  are  h3'perbohLs. 

If  a  plate  cut  from  a  biaxial  crystal  be  thus  exauiiued, 
a  series  of  curved  fringes  will  also  be  seen,  the  form  of 
which  will  be  diii'erent  according  to  the  relation  of  the 
section  to  the  axes.  If  cut  so  as  to  be  perpendicular  to 
one  of  the  axes,  they  are  closed  nugs ;  if  so  as  to  be  par- 
hIIoI  to  the  plane  of  both  the  axes,  the}*  ai*e  hyperbolai*; 
and  tlioy  are  lemuiscates  if  thoy  are  cut  perpendicularly  to 
the  bisector  of  the  angle  between  the  axes  {Fig.  230.  B). 
In  the  latter  case,  the  fringes  rej)resenting  the  emls  of 
the  optic  axes  approximate  ovals  in  form,  the  augnlsr 
distance  separating  them  as  the  plate  is  tume<l  about  uu 
axis  perpendicular  to  the  plane  of  the  optic  axes,  beinp 
the  angle  between  these  axes.  Dark  bauds  cross  these 
fringes  when  the  polarizer  and   analyzer   are    crossed. 
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assaming  the  form  of  hyperbolas  or  intersecting  crosses 
according  to  the  position  of  the  line  joining  the  optic 
axes,  with  reference  to  the  plane  of  ]>ulHrization. 

When  a  plftte  of  quartz  cut  perpendicular  to  the  axis 
is  placed  in  Huch  a  conical  beam,  the  colored  rings  or 
iKOchromatic  lines  belonging  to  uniaxial  crysUilK  appear 
but  without  the  int43r8ecting  cross  at  the  center.  This 
results  from  the  fact  that  the  two  rays  into  which  quarU 
doubly  refracts  liglit  aro  not  plane-polarized  but  circu- 
Inrly-polarized.  And  the  union  of  these  two  circularlv- 
polarized  rays  by  the  analyzer  produces  a  plane-p<jlar- 
ized  wave  which  has  a  different  azimuth  for  tlifferent 
wave-lengths;  and  so  these  different  colors  a])])ear  at 
th«  center  as  tlie  analyzer  is  rotated, 

4«0.  Rotatory  Polnrization,— In  Ittll,  Arago  ob- 
served  that  when  plane-polarized  light  is  transmitted 
thnmgli  a  plate  of  quartz  in  the  direction  of  its 
optic  axis,  the  plane  of  polarization  is  rotated  through 
II  certain  angle  depending  upon  the  thickness  of  the 
plate  and  the  ccdor  of  the  light.  Biot  subsequently' 
showed  that  certain  varieties  of  quartz  rotated  tliis  plane 
tc»  the  right,  others  to  the  left ;  and  he  called  the  former 
dextn»gyrate  or  right-handed,  the  hitter  levogyrate  or 
left-handed.  Other  substances,  both  liquids  and  vapors 
ns  well  as  solids,  were  fouud  to  possess  this  property  of 
rotation.  Thus  using  sodium  light  and  a  plate  one 
millimeter  thick,  the  rotation  produced  by  quartz  is 
21*67°,  by  cinuabarite  32'6°,  and  by  sodium  chlorate 
3*07*.  For  liquids  in  tnbes  a  decimeter  long,  calling  right- 
lianded  rotations  j)osilive  and  left-handed  negative,  we 
have  for  turpentine  -  29-6°,  mint  -  1(514",  aniseed  —  0-7^ 
lavender  -|- 2  l)2^  fennel  -(-  131*r,  citron  +  55•3^  Seville 
orange  -f  78*M4°.  For  solutions,  cane-sugar  in  water 
(a  oOjS  solution)  -|- 33*64^.  quinine  in  alcohol  (6;;,)  —30^ 
The  phenomenon  of  rotation  depends  on  the  production 
i4  two  opposite  circularly-polarized  rays  by  the  sub- 
Ktance,  which  traverse  it  witli  different  speeds  and  so 
when  combined  by  the  analyzer  prixlnce  a  plane-polar- 
ized ray  inclined  to  the  primitive  one. 
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Practically  tbe  rotation  of  the  plane  of  poiarization 
by  variona  subHtauoea  loaj  be  turtied  to  account  in  d^ 
tectiiig  or  estituiitiug  these  substances.  Saccliari meters 
of  various  forum  have  beeu  deviHed  fi)r  erttimatiugilin 
commercial  valuo  of  a  saiuple  of  niigar  by  the  amonnt  of 
rotation  produced  by  a  aolution  of  it  of  known  streugUi; 
the  various  devices  used  to  measure  with  precisiou  the 
amount  of  rotation  involving  ativauced  scientific  prin* 
ciples. 

The  real  ipeoific  rotatory  power  a,  a{  n  Bu]>staDce»  u 
the  rotation,  for  a  given  wave-frequency,  of  a  layer  of 
the  substiincB  1  nun.  tliick.  The  apparent  specific rotatorj 
power  [n]  iH  the  rotation  of  the  substance  when  in  s<'Id- 
iion.  If  €  represent  the  amount  of  substance  in  1  gram 
of  solution,  /  the  length  of  the  column,  usually  given  id 
decimeters,  and  p  its  density,  [fv]  =  ot/elp.  Thus  in  iLc 
case  of  quartz  and  for  the  D  line,  a^  =.  21-67^.  For 
cane-sugar  [ir]p  =  67°;  for  n'-lactose  [<r]„  =  &)° ;  ff»r 
/^-lactose  [a]i,  —  54*5°.  The  molecular  rotatory  power  Li 
the  product  of  the  s^iecifio  rotatory  power  l>j  the  iHtil^r- 
ular  mass. 

In  the  case  of  quartz,  i*oiatiou  depends  on  molecaUr 
aggregation,  apparently ;  since  dextrogyrate  cryslalft 
exhibit  hemihedral  faces  inclined  U*  the  right,  and  lero- 
gyrate  crystals  similar  faces  inclined  to  the  left  More- 
over in  its  amorphous  form,  as  Avhen  fused,  quart/,  biw 
no  rotatory  action.  In  the  case  *jf  tartaric  aci<l,  howevei, 
which  is  optically  active  when  in  solution,  aud  of  oil  of 
turpentine  and  camphor,  which  are  as  active  in  iht 
vaporous  as  iu  the  liquid  or  solid  state,  rotation  can  Ihj 
due  only  to  a  peculiar  atomic  structure  within  the  mole* 
oule.  Le  Bel  and  Van't  Hoff  (1874)  showed  tliat  all 
substances  which,  iu  the  non-crystalline  state,  are  capi^ 
ble  of  rotating  the  plane  of  polarization,  contain  an 
asymmetric  carbon  atom ;  i.e.,  a  carbon  atom  wLoafi 
four  valences  are  saturated  by  four  ra<licals  of  difiereut 
kinds. 
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ENERGY    OF    JilTHER-STRESS.— ELECTRO 

STATICS. 

Section  L — ELECTiuncATioN. 


A.— HISTORICAL. 

461.  Electrics  unil  Noii-clcctrlcs. — Altlionfrh,  six 
liundred  years  before  the  Christian  era,  Thales  uppears 
to  have  been  acquainted  with  the  fact  that  amber,  when 
rubbed,  possPHseH  the  property  of  attracting  lijiht  bodies. 
yet  it  was  not  until  near  the  end  of  the  Hixteenth  reuturj 
that  any  real  knowloil^e  was  acquired  on  this  subject. 
Then  Dr.  Gilbert  8h<*we(]  that  many  other  substances, 
Huch  HK  Hulpluir,  rcHin,  Kliellac,  sidt,  aluui,  glasK,  rook- 
crystal,  and  tlie  precious  stones  diamond,  sapphire,  ruby, 
aiufthyst  and  opal  possoss  like  jiroperties  with  amber. 
And  he  gave  the  nam*?  electrification,  from  //Ae^T/jOK,  the 
Greek  name  of  anibei*.  to  this  property  of  these  sub- 
Hinnces  thus  established.  The  substances  in  whicii  elec- 
trification can  bf  developed  by  rubbing  he  called  ideo- 
electhcs:  in  distinction  from  those  in  which  no  such 
pro|>ertv  can  be  thus  prodneed,  which  he  called  aneleo- 
trics.  More  recent  investigation  shows  that  all  sub- 
titances  may  be  electrified  by  suitable  means  and  are 
therefore  electrics  per  se. 

40tf.  CondiictorH  and  Non-conductors.  —  In  1729, 
Gray  obst^rveil  that  electrification  cau  be  transferred  to 
an  nn-electrified  body  when  brought  int<^»  contact  with 
au  electrified  one;  i.e.,  that  a  body  can  be  electrified  by 
conduction.     He  succeeded  in-effecting  this  transfereuoe 
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through  a  wire  more  than  2*.H)  meteii^  loug,  sapporUJby 
Hilk  thr^a<ls ;  and  he  recognized  iu  this  way  that  hudiei 
mny  he  classified  as  good  conductors  and  had  cuudurtum, 
according  to  the  readiu^Hs  v^-ith  which  thej  permit  tliis 
transference.  Moreover,  lie  observed  that  conductore 
»VK  a  clasH  heh^ug  to  the  auelectricK  of  Gilbert ;  mid 
hence  that  they  nhow  no  sign  of  electrification  vheii 
rubbed,  because  this  electrification  i8  coDduct'e<l  awjij. 
Hince  non-conductors  do  not  permit  the  transference  of 
electrification  aloug  them,  they  are  called  iniulaton.  As 
a  class  the  metals  are  the  best  exampleK  of  good  coo- 
ductors;  while  ghiss,  resins,  dry  wood,  silk,  ebonite,  tnr- 
peutine,  air,  etc.,  are  insulators, 

ExAMPLBS. — If  II  pi(M:e  of  ftinbt'r  or  nf  jtM,  H  Mi«*k  of  sealing-iru 
or  of  Hulpluir,  n  nnl  of  glauA  ur  i»f  him]  pubber.  Ikj  ligbtly  rubbed 
with  flannel,  silk,  'ir  fur,  ir  will  bo  notictnl  timt  the  body  nibbed  h^ 
coincfi  Hoctrifird  and  will  attr.'iot  bitsof  iwi]wr,  pith,  or  bran  prflMDtfd 
Iu  it.  Aounvoiiieiit  form  of  H^ht  iMKly  for  tliis  exjKTimeDt  i^  aplUt 
liall  sti3|)en<led  by  a  litien  threml ;  V4i\\ei\  oftvii  uii  elocrrric  peDduluo. 
Jt  acts  as  an  vIecti'Oiicope  to  detettt  I'leotriflcjition  ;  and  hy  Us  ruHUU 
the  greater  electrification  prochico*!  with  some  of  (he  ab«>vo  nib- 
Htanoo8  ovor  ihar  with  others  mny  be  shown.  If  nuch  a  pith  tmli  Iw 
eovered  with  ijold-ltuif  and  .*uppofir<l  by  n  silk  fiK»r,  cootact  with  mi 
electrihed  l>o4ly  will  roft<lily  oltn-trify  it  by  rrondiiHioti.  Atid  iUhi  io 
ito  tuni  it  will  attnuit  a  second  nnd  unelcotrifiefl  pitb  bnll. 

40;*,  Klectrlrtrutioii  ol*  Tw<>  Khiilis.— AUIioukIi  io 
1(>(>0  von  Gueiicke  had  observed  the  repulsion  of  a  liglit 
body  after  conUict  with  an  electrified  one,  it  whs  not  ni>- 
til  1733  that  DuFay  rec(»}^ized  t}ie  fact  tliat  electrification 
ifi  of  two  kinds;  and  not  until  llTyli  that  Cant^>n  proved 
the  rubbinj?  body  to  be  of  quite  a8  much  importance  aft 
the  body  rubbed.  To  the  eieetrificatiou  of  j^lass  l)u 
Fiiy  gave  the  name  vitreous  electrification  ;  and  to  tliatof 
resin,  resinous  electrification.  Wilke  iu  1757  arranged 
electrics  in  a  series,  each  one  be.inp  vitreouH  wlien  rublked 
with  any  one  placed  below  it  iu  tlie  series,  and  rewnoujs 
when  rubbed  with  any  one  above  it.  Franklin  in  1749 
substituted  the  terras  positive  and  negative  for  vitreoii* 
and  romnous.  Such  a  series,  easeutially  tliat  of  Faratlay, 
Is  the  following : 
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ELECTRIC  HERIEB. 


Col's  fur. 
.  If'liuiuel. 
b  ivory 

Qmui  tz. 


5.  Gluss. 

7.  Silk. 

8.  Tbe  hand. 


9.   Wood. 

10.  Mt'iuls. 

11.  Cftoiitchonr. 
13.  SeiUtng-^iLX. 


13.  UcsiD. 

H.  i:»ulpbur. 

I.").  Guriu.pcrcha. 

10.  Uiiu-coiton. 


i  will  be  observed  that  cat's  fur  is  always  positive  and 
{uu-cottou  always  uegative,  wlieu  rubbed  with  auy  of  the 
>iher  substaiicos  in  the  list.  And  furtJier,  that  while 
{lass  for  example  is  positive  whcu  rubboil  with  silk,  it  Is 
Negative  when  rubbed  with  ilauuel ;  sealiug-wax  ou  the 
:>ther  hand  being  rn^gative  wheu  rubbed  with  silk,  and 
lositive  wheu  rubbed  with  guu-cotton.  Moreover,  in 
dl  cases  the  electrification  of  the  body  nibbed  is  equal 
111  amount,  and  of  Mpposite  sigu,  to  that  of  tho  rubbing 
Mie,  These  classiticatious  must  ]»o  nrcepted  with  sumo 
poserve,  however,  since  the  electrification  developed  is 
iflTeet^^d  ofteu  by  slight  aud  uppareutly  arbitrary  rauseSy 
luch  as  the  jihysical  condition  of  the  substances,  traces 
K>f  foreign  matters,  temperature,  etc.  Thus  a  disk  of 
ground  gla.ss  is  negative  when  rubbed  against  a  similar 
isk  of  polished  glass  ;  a  piece  of  white  silk  ribbon  is 
itively  and  a  piece  of  black  silk  ribbon  is  negatively 
leetriiied  by  being  drawn  botwe«*n  tlie  dry  fingers;  if  a 
iece  t)f  white  ribbon  be  drawn  transversely  across  a 
Bcond  piece,  cut  from  the  same  roll,  the  two  will  be 
pj)ositely  electrified.  Metals  may  readily  be  electrified 
>y  pnniding  theni  with  insulating  handles.  Platinum, 
gold,  and  silver,  for  example,  when  rubbed  with  resins* 
Rilk,  gun-cotton,  or  gutta-percha,  are  negatively  electri- 
fieil,  while  zinc  aud  iron  thus  treated  are  positively  elec- 
rified.  Mercury,  in  which  a  glass  tube  is  immersed, 
becomes  negatively  elec^trified  on  withdrawing  the  tube. 
And  a  jet  of  ilry  air  electrifies  positively  a  plate  of  glass 
Against  which  it  is  directed.  If  two  pieces  of  the  same 
Bnbstiuce  at  different  temperatures  be  rubbed  together, 
at  the  higher  temperature  will  be  negatively  electri- 


KxfriMMRvr*.— Rrinc  near  a  pith-ball  eltHHrosoofx*  Ri!ftppTid<*«l  by 
[ft  silk  tiber,  tt  rod  of  ^lartA  t^xchtHl  by  Kilk.    Tbi'  ball  will  be  alCrauied. 
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will  oome  in  ooniHot  wiih  the  rod«  will  be  |>OBitively  el«»ctrifiMlbT 
this  ooiitjict,  Aitil  fhon  will  bo  actively  rfprlled.     A  ^i- 
enon  will  appc-ar  if  a  rod  of  sealing-wax  excited  by   t" 
Ui  exciW  II  S4*ooti(l  bait.     Bring  now  the  two  pitli  '^od 

other  aiul  Ihoy  will  Iw  fouml  to  allnict  mutually.  :.  ti» 

glass  rod  wilt  attract  tho  pith  butt  which  the  senlitiK-ivax  rv(>ebaiid 
vice  vertKi.  By  tjiktng  the  diffcrpnt  stilistaDCCd  jj:ivett  in  the  table. 
and  rubbing  thorn  with  silk  for  example,  it  will  be  observed  t^ 
some  of  Itium  by  this  treatment  become  poeiHvpty  and  others  nrp- 
tivoly  olet'trified  ;  white  the  same  substanre  may  be  po6itiT<^T  « 
negiitirety  elt^ctriHed  accordiug  to  the  character  of  the  ^ufaBUuci 
used  OA  thu  rubber. 

Hence  the  qualitative  law  of  electricAl  Httraction  aD4 
repulsion  aonoanced  by  Dn  Fu y :  Bodies  similarlj 
cjlectrilied  repel  one  another;  budien  opp(»- 
sitely  electrified  attract  one  another. 

404.  SiinuUiiiuMHis  Prodiu'tioii  of  (lie  Two  Elcclrl- 
flcAtioiiKAiiil  iu  ICi|iial  Quant  it  ioH. —  (Hpiniis  in  1759  took 
two  disks  of  the  same  diameter,  one  of  glass,  the  otW 
of  wood  covered  with  clotli,  both  provided  with  glaa 
handles,  and  having  rubbed  them  together  anJ  s*?p** 
ratted  theiu,  brought  each  of  them  near  an  electric  pM- 
dulum.  Tho  disks  were  found  i*}  bo  electrit^  '.  *^ 
glass  disk  being  positive  and  the  wooden  disk  i. 
On  repeating  the  experiment,  but  without  separatiDg 
the  disks,  it  was  observed  that  their  joint  action  im  a 
pith  ball  suspended  by  a  linen  tliread,  was  zero ;  nllhotjgli 
on  separation  they  were  found  eloctrilied  ha  before. 
Since  the  resultant  action  of  two  opposite  eleetrificatiaiu 
is  the  algebraic  sum  of  their  separate  actions,  thisroAalt- 
ant  can  be  zero  only  when  these  electrifications  art-  t'i|ual. 

ExpEmMENTS.— Pour  into  a  conical  glass  somo  meU*'d  sulphur 
and  placo  a  gtn.sa  rol  upright  ifi  thf^  liquid  (cVgnrve  as  a  haodK 
When  cold  it  will  be  found  thnt  while  (he  system  as  a  whole  exhitiltt 
no  electrification,  the  sulphur  cone,  on  withdrriwintf  it  bv  uihoa?  rrf 
the  glass  handle,  is  positively  and   the  ^'Iilsh  vr-  .-lee- 

trif)ed.    The  effect  is  increased  by  covering  the  ■  ^ltt» 

with  tinfoil  and  conneclin;;  it  to  the  ground  while  the  flulpburii 
solidifying  (CEpinns).  Faraday's  apparatus  consisted  of  a  stkt  of 
seaUng-wax  coverctl  with  a  eapof  silk  at  one  end.  Aftrr  lurtiiiut 
tho  stick  round  within  the  cap  a  few  times,  it  may  bo  prmenifdt^ 
an  electrogcoj>e;  but  no  effoci  will  be  noticed.     Ou  rtrmoviag  ihe 
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silk  CAp,  however,  by  meana  of  an  attached  silk  oord,  the  cap  is 
fonnd  to  be  positively  and  the  sonling-wnx  uogatively  pU'ctriticd.  A 
Bhtftst  of  mica  showing  no  olcetrincaLion  wbntcver  yields  iwo  elec- 
tnfl<Hl  Inmiiia:-  when  split,  one  of  wiiieli  is  electrified  positively,  the 
oiber  negatively. 

B. — NATPIIE  OF  EI^CTUIFICATION. 

405.  Mocbiiiilsm  of  tlio  Process. — lu  nil  the   CASOB 

above  poiisideied  tw<i  iiulike  HultfitanceB  have  been  elec- 
trified b_v  being  plucod  in  cdutuct  witli  eacb  other.  If 
the  HubftUnceB  are  bad  comhtotora  it  is  obvious  that  to 
secure  eioctrilicatiou  over  the  entire  surface,  contact 
must  take  phice  at  every  point  of  it;  or  in  other  M-nrds, 
that  tbe  two  must  be  rubbed  together.  The  object  of 
nibbing  them  together,  therefore,  is  simply  to  aecure  an 
extended  contact.  Tlie  term  electrification  by  friction 
ia  evidently  a  miwuomer.  since  the  effect  is  ratlier  diniin- 
irthcd  than  increased  by  friction.  Tlie  principle  may  be 
laid  dowu  as  an  absolutely  general  imo  that  when  two 
disfliiuilur  substances  are  bronght  in  contact  aiu!  then 
M^parated,  tbey  are  et]ually  and  upjH»sitely  electrified. 
Tho  pheooniena  are  more  striking  in  the  case  of  bad 
conductors  like  *:^iii^^  and  silk,  because  the  electrification 
remains  where  it  is  produced  and  the  effect  accuuiulates  ; 
irhile  wheu  two  conductors  like  zinc  and  copper  are 
separated  after  contact,  thf»  electrification  flows  to  the 
Jatfi  point  touclied  and  so  is  dinsiputed  bv  cDiiduciion 
{rom  one  to  the  other. 

406.  TUcoric»«  of  Frniikltn  and  ol  Sjiiiiiht,— The 
pheuonjciia  of  electrification  wore  explained  by  Frank- 
lin (1740)  by  supposing  the  existence  of  "an  electrical 
tuntter^*  re»id*?nt  in  common  matter.  "Electrical  mat- 
ter differs  from  common  matter  in  tliis,*'  he  says,  '*  that 
the  parts  of  the  latter  mutually  attract,  those  of  the 
former  mutually  repel,  each  other."     "But  though  the 

tides  of  electrical  matter  do  re]>el  each  other,  they 

Btrongly  attracted  by  all  other  matter.**     "Common 

tter  is  a  kind  of  sjionge  to  the  electrical  fluid."     *' lu 

common  matter  there  is  (generally)  as  much  of  the  elec- 
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trical  as  it  will  contain  vitliiu  it^  substance.  If  more  » 
nWdt^il,  it  UeH  without  upou  the  Hurfaeo  and  formrt  wL&i 
we  call  au  eitsotrioal  utuioHphere ;  nud  theu  the  UhIt  i* 
said  to  be  electrified.**  Summer  od  the  ooDtrarj  (1759) 
considered  the  phenomena  of  electrification  to  b»-  ' 
two  electrical  Huids.  each  self-repulsive  aud  eiu'h  .<  . 
ing  the  particles  of  the  other,  and  both  attracting  ordi- 
nary matter.  Both  of  these  hjpotheseft  served  provis- 
ionally to  ex.plaiu  the  phenomena  for  which  they  wem 
created.  But  they  were  both  deficient  in  that  thej 
atjsumed  action  at  a  distance  and  failed  to  recognijee 
tbe  importance  of  the  intervening  medium. 

4«7.  Modern  Theory  ol*  Klectrlticution. — FariiliiT 
first  called  attention  to  the  important  part  which  Uja 
intervening  medium — called  h}'  him  the  dielectiio— 
plaj's  in  the  phenomena  of  electrification.  He  picfeonw 
two  electrified  bodies  as  immersed  in  au  electrical  field 
of  foix'e,  the  lines  of  force  which  connect  the  bultt* 
tending  to  shtuten  aud  being  api>arent]y  self- repellent 
In  such  au  electrical  field  there  is  iilways  a  stresi*  ivuxtV- 
lei  to  the  lines  of  force,  of  the  nature  of  a  tension;  aud 
a  stress  perpendicular  to  these  lines,  of  the  nature  of  ii^ 
pressure.  The  name  electricity  is  given  to  the  ageat 
upon  which  the  phenomena  depend.  And  vilUioogh 
electrification  is  a  form  of  potential  energv,  electrieitr 
itself  is  not  a  form  of  energy  at  all ;  it  is  rather  a  furm 
of  matter  and  this  in  the  most  refined  sense.  Like  mat- 
ter it  can  neither  Iw  created  nor  dcHtroyed,  though  it 
can  be  moved  and  |>ut  under  stress.  It  behaves  like  au 
incompressible  finid  filling  all  space,  and  jet  entaugUd 
in  an  lether  having  the  rigidity  necessary  to  pro])&ga(e 
the  enormously  rapid  and  minute  oscillatory  diadurlK 
ances  which  constitute  radiiitiou,  while  at  the  same 
time  allowing  the  free  motion  through  it  of  onUnarv 
matter  (Lodge).  Touch  together  a  disk  of  metal  an<l 
one  of  silk  ;  the  contjict  transfers  electricity  from  llitt 
metal  to  the  silk.  And  now  on  separating  tliem  the 
medium  hetwoeu  them  is  thrown  into  a  stat'C  of  siraiu, 
indicated  by  Fai'ailay'a  lines  of  force,     Electrificadoi^ 
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then,  is  to  be  viewed  as  a  state  of  strain  in  the  dielectric, 
produced  by  a  transfer  of  electricity  from  one  body  to 
Another  and  the  subsequent  separation  of  the  two  bodies 
thus  electrided. 


Sbotion  II. — Electiucal  Potential. 


A, — ATTBACnoN  AND   REFUU3I0N. 

4G8.  Law  «!'  Electric  Action. — We  owe  to  Coulomb 
^1784)  our  earliest  knowledge  of  the  quantitative  laws  of 
electric  attraction  and  repulsion.     The  instrument  em- 
ployed b}'  him  in  his  investigations  has  become  classic 
and   is   known   as  the  torsion-balance  (Fii;.   2^1).      The 
uee<ll«  p  is  made  of  shellac,  carries  a  gilt  ball  n  at  one 
end,  and  is  suspended  by  a  fine 
■-silver  wire  from  the  torsion-head 
[r  at  tlie  top  of  tlie  tube  d.     It  is 
inclosed    in   a   glass  cylinder  o, 
^rnduuted    around     its    middle 
portion  c,  ami    pmvidi'd   with    a 
[las8    cover    A.      Within     this 
cylinder   is   a    diwh    containiuf.; 
tying   material.     Through    the 
rver  passes  a  wire  i  carrying  a 
ifix<Ml  ball  at  each  end,  {\\\\  Inwor 
["ball  m   being  opposite   the  zero 
»f  the  graduation.     On   electri- 
Ifving  tlK*  fixed  ball,  th<»  movable 
|l>all,  which  has  prnvinusly  Kpou 
'brought  by  turning  the  torsion- 
d,  juist  to  t^jiieh  tids  fixed  ball, 
rj)elled  and  aftera  ftnv  osrilhi- 
tions  comes  to  rest,  suppose  at  an 
nnglo  of  .Sfi**.     Since  the  couple  of  torsion  is  equal  to  the 
angle  of  torsion,  the  angle  of  defiecti<m  ma3'  be  taken 
[ah  approximately  proportional  to  the  force  of  torsion  ; 
■i.e.,  to  the  force  of  repulsion.     Coulomb  found  that  to 
xliminifib  the  anguhir  distance  of  the  balls  from  36^  to 
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18^  required  that  the  torHiou-heail  be  turned  throuj^K 
126";  and  to  reduce  it  to  8'5°  the  tor«ion-lie»id  must  bv 
turned  through  507^.  The  total  torsiou  iii  the  first  case- 
is  36^  iu  the  second  126  +  18  =  144*,  aud  in  tlie  thini 
667-|-8"5  — 575•5^  Now  these  valuen  iire  npproiimatelj 
1  :  4  :  16;  while  the  diHtauces  are  4:2:  1  ;  and  hence 
the  forc€8  of  repidsion  are  inversely  as  the  sijuares  of 
the  diHtancen.  A  rigorous  iuvestigatiou  coutiriuH  this 
relation.  By  a  similar  method  of  experimenting,  Coa- 
loiub  proved  the  name  proportionality  iu  the  caHe  of 
attraction,  tlie  hails  being  (tppositely  electrified.  If  sbe 
fixed  ball  or  the  movable  ball  be  toucbed  by  anotlrn 
ball  of  equal  size,  the  electrification  will  be  eqaallv 
liivided  between  the  two ;  and  now  it  will  be  found  llisl 
ouly  half  the  toruion  will  be  required  to  briuf{  tbu 
movable  ball  to  the  same  disbmce  from  the  fixed  one. 
Hence  by  halving  the  electrification,  tlie  force  of  ttttrw- 
tion  or  repulsion  is  lialved  ;  thus  proving  the  force  to  be 
pro})ortional  to  the  amount  of  electrification.  Similtr 
results  were  (d)tained  by  Coulomb  by  oscillating  a  »m*ll 
ahellac  needle  carrying  a  disk  of  gilt  paper,  at  differeul 
distances  from  an  electrified  sphere.  Since  the  force  ii 
inversely  proportional  to  the  stjuare  of  the  time  of  oacD- 
lation,  the  value  of  the  force  at  any  point  is  known  when 
the  number  of  oscillations  per  second  is  known.  TIm 
law  of  electric  action  then  is  the  same  as  that  of  any 
action  from  a  center,  such  as  gravitation,  light,  suimd, 
etc.,  and  may  be  enunciated  as  follows : 

The  force  which  is  mutually  exerted  between 
two  electrified  masses  is  directly  proportional  to 
the  product  of  their  electrifications  and  inversely 
proportional  to  the  square  of  the  distance  sepa- 
rating them. 

Calling  q  the  amount  of  electrification  on  the  one  body 
and  q'  that  on  the  other,  and  representing  by  d  the  «li*- 
tance  separating  them,  we  have  the  force  exerted  between 
them  represented  by 


F  =  kiqq'/<r). 


KNSHGY  OF  jSrUKHS7'RSS8,—ELECTH0STATlC8.    641 

iu  wliich  ik  is  a  oouBtaut  and  represeuts  the  force  exerted 
by  auit  electrificatiou  at  unit  distauce.  If,  as  is  the  case 
in  au  absolute  system,  this  coefficient  be  uiade  unity, 
then  we  may  write 

F=qq'/<F.  [61] 

4GO.  Unit   of  Quantity   of   Electrification* — From 
the  above  equation  we  have 

q  =  FtP/q';     or  if     q  =  g\     F^q'/d'     and     q==di/T\ 


wheuce  making  F,  d,  and  q'  unity,  we  have  q  =  unity 
also.  In  other  words,  a  unit  of  electrification  is 
that  quantity  of  electrification  which  exerts 
Quit  of  force,  either  attractive  or  repulsive,  on 
A  similar  quantity  of  electrification  placed  at 
unit  distance  from  it.  In  the  C.  G.  S.  system  it  is 
the  quantity  which  acts  with  the  force  of  a  dyne  on 
another  similar  quantity  at  one  centimeter  distance. 
Tliis  is  called  the  electroatatic  anit  of  quantity. 

Example.— LeC  two  ef(iia)  pith  bulls  a  and  b  (Fig.  282),  each  of 
lua&s  2.>  milligranift,  be  suHpeiutud  by  iiUk  libel's  SO 
ceniimer^ra  long  and  be  similarly  Heclrified.  Aftor 
contact  tliuy  will  rt*pel  unch  otiior  ;  wbea  in  tHjuilibrium 
let  thrir  centers  he  10  cm.  iipiirt.  It  is  required  to  find 
thv  qiiuutii)  uf  ulfctrillcatioii  on  each  bdl.  Callint?  the 
length  ca  or  cb  of  cacli  IUjct  l^  and  2ti  \\w  diatunct!  be- 
twwn  ihfl  oont«»ra,  ;/» tho  mass  of  ench  ball,  and  g  the 
qaantity  of  Mlectrifiwition  on  it,  the  forw  of  rupuUion 
acting  l>fitw«Hin  the  bulU  by  the  law  just  givon  is  g*/A(P, 
By  mtnilar  iriangltas,  since  the  weight  of  each  ball  is 
my,  wc  Uave  q*/4d*  ;  mg  -.id  :  {P  —  (P)k ;  wbeuoo 
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SubfltauliDg  in    tbtA  equation    the    nnmeHcal  values 

given  ftlxive,  neglecting  (P/t*,  and  taking  g  m  980,  we 

have  ±  13  87  na  tho  value  of  q.    Thi?re  is  thou  appruximatcly  1287 

C.  O.  S.  units  of  electnflcutiou,    either  positive  or  negative,  upon 

eftcb  ball.     (Grayj 
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B. — ELECTRICAL  DISTBIBUTION. 

470.  Eleetrioal  Cbanffe. — The  term  charge  is  nsedt» 
indicate  the  eiectritication  of  a  body ;  as  "when  a  sphere 
is  said  to  be  ehai'ged  with  t4^n  uuitft  of  electrificatioa. 
The  term  surface-deaMty  is  employed  to  exprefis  the 
amount  of  electri£cutiuii  upon  a  unit  of  surface.  It  is 
generally  represented  by  c,  and  is  obtained  by  dividing 
the  total  charge  on  a  body  by  its  surface.  The  exprea- 
sions  Linear  and  volume  deniity  are  also  employed  to 
indicate  tlie  amount  of  electrilication  per  unit  of  leugtb 
and  per  unit  of  volume. 

471.  Surt'uoe-<llMtrll)iirioii  on  Conductors* — When- 
ever a  charge  is  communicated  to  a  conductor,  the  elec- 
trification being  free  to  move  diHtributes  ituelf  over  the 
conductor,  reaching  finally  a  condition  of  equilibrium. 
The  first  point  to  be  observed  is  that  the  electrilication, 
being  self-repulsive,  lies  wholly  upon  the  surface ;  i.e., 
there  is  no  electrification  whatever  in  the  interior. 
Since  this  result,  as  we  have  already  shown  (124)  in  the 
case  of  gravitation,  is  a  direct  consequence  of  the  law  of 
inverse  squares,  very  elaborate  experiments  have  been 
made  to  ascertain  its  exactness.  Franklin  (1755)  "elec- 
trified a  silver  pmt  cann  on  an  electric  stand  ami  then 
lowered  into  it  a  cork  ball  of  about  an  inch  diameter 
hanging  by  a  silk  string,  till  the  cork  t^aiched  the 
bottom  of  the  cann.  The  cork  was  not  attracted  to  tli** 
inside  of  the  cann  as  it  would  have  been  to  the  outside, 
and  though  it  touched  tlie  bottom,  yet  when  drawn  oot 
it  M'as  not  founfl  to  be  electrified  by  that  touch,  as  it 
would  have  Weu  by  touching  the  outside.**  He  adds 
"The  fact  is  singular.  You  require  the  reason;  I  do  tiM 
know  it.  Perhaps  you  may  discover  it,  and  then  rna 
will  be  so  good  as  to  communicate  it  to  me."  Conlomh 
(1786)  took  a  cylinder  of  wood  supported  on  an  insniatinir 
stand  and  bored  holes  in  it  a  centimeter  in  dianiett^r  niirl 
a  centimeter  deep.  After  electrifying  it,  he  apjibed  Xo 
the  surface  and  to  the  interior  of  the  openings  a  little 
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disk  of  gilt  paper  supported  on  a  shellac  handle ;  testing 
the  electrification  of  the  dink  by  mpans  of  a  torsion-bal- 
ance so  delicate  that  a  force  of  O'UOl  milligram  would 
tarn  it  through  90^  But  not  a  trace  of  electrificatirin 
could  be  detected  beneath  the  surface  of  the  cylinder. 
Faraday  (1837)  had  a  cubical  chamber  built,  2'Gti  meters 
on  a  Hide,  covered  with  copper  wire  and  tinfoil,  to  ren- 
der ita  surface  conducting,  and  well  insulated.  It  was 
charged  by  meauH  of  the  large  electrical  machine  of  the 
Royal  Institution.  "  I  went  into  the  cube  and  lived  in 
it,"  he  says  ;  "  and  using  lighted  candles,  electrometers, 
and  all  other  tests  of  electrical  states,  I  could  not  find 
the  least  inilueuce  upon  them,  though  all  the  time  the 
oatside  of  the  tube  was  pnwerfully  charged  and  large 
sparks  and  brushes  were  darting  off  from  every  part  of 
its  outer  surface/'  Maxwell  (1879)  repeated  Cavendish's 
vell-knowu  experiment (1773)  of  the  two  liemispheresand 
lobtained  a  negative  result,  althmigh  the  electrometers 
nsed  b}*  him  were  capable  of  indicating  an  electrihcntion 
of  one  millionth  of  the  quantity  nornjally  experimented 
with.  Boys  (1888)  has  shown  that  one  soap-bubble  en- 
tirely protects  another  Vmbble  within  it 
from  electric  action;  thus  proving  the 
exceedingly  minute  depth  to  which  the 
electrification  on  a  conductor  penetrates. 

Ejcpkrimkvts.  —A  vHriety  of  cxpcrifriunta  bnvo 
been  hiicKt'sffl  (o  bIiow  Ihoalisuii'-'eof  electritica- 
tion  in  the  inifrior  of  ciTanrPfl  c<tn(luctora.  (1) 
Ono  of  the  siniplesr.  is  inadn  Mitli  ;i  piocoof  bntas 
tot)6  10  tt-ntiuielers  \n  diameter  and  about  the 
flAme  Inngth  mounted  on  an  insulating  stand  with 
On  HxiH  borijcontal,  and  having  two  pairs  of  amaU 
pith  balls  (tnapended,  Ibn  one  pair  on  the  inRJdo, 
the  oUior  on  u  .small  RtL*tn  nn  tlie  outside  (Fig. 

I).  On  elocirifj'iin;  the  tube,  the  outer  pith 
will  diverjje  while  the  interior  ones  will 
not  bt'  affected.  {'2)  Cavendish's  appariil  u»,  alwve 
iD<»ntioned,  is  a  metallic  spliere  suspi'tided  by  an 
inAulatinfr  thread  and  provided  with  a  pair  of 
melAl  bemifipberoe  enclosing  itand  furnished  with  insulating  handles. 
]f  Uie  sphere  be  electrified  and  then  the  hemifipberes  be  placed  over 
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H,  ao  u  to  touch  tbis  sphere  for  au  imttAat,  it  will  be  found  on 
YomovJDg  them  that  the  sphere  has  entirely  lost  iu  electrificatino 
while  the  encluainj;  hemispheres  are  siroujilj  clecirifled  ;  the  elcctn- 
t^cation  having  passed  to  the  ouUide  surface.  Tho  nwliui^  i>f  thr 
Bphen*  should  be  somewhat  smaller  than  that  of  ihe  heoii^>hen9v 
A  uioditicaiiun  of  tbis  apjmratus  is  shown  in  the  figure  (Fij;.  3SI). 
A  hollow  tnetAl  hemisphere  B^  resting  on  a  hard  rubiwr  huic,  is 

electrified  by  striking  it  with  cat's 
for.  Over  this  is  then  pULtwl  a 
simitar  but  larger  hemisphere  X. 
having  an  insulated  handle  H.  \t 
now  by  prt*8fiing  tho  knob  8  a 
i^pring  is  made  to  touch  B  fur  aa 
instant,  it  will  be  found  that  all 
the  electriGcnlion  has  pAfisod  toiti« 
herolspbcre  A.  (8)  A  botluw  UU 
with  au  ofH'uing  ul  th^  top  and 
supported  on  an  insulating  sUod. 
may  bi*  used  to  n*peat  the  exprri- 
ments  of  Franklin  and  of  Coa- 
lomb.  A  small  disk  of  gilt  jiaper  cm 
tbo  end  of  ii  stick  of  shellac— called  a  proof  plane— when  in^Tted 
into  the  cbargwl  ball  will  receive  no  elect  rific;it  ion  whatever  on  touch- 
ing the  interior  surface;  as  may  bo  shown  by  testing  it  afterward 
with  an  electroscope.  Acyliitdcr  of  wire  gauze  on  an  insulating  srtaiid 
answer*  the  same  purposa  (4)  Franklin  plaeed  a  silver  can  oa  a 
wine-glass  on  the  floor.  Into  the  can  he  put  abyut  three  inetersof 
brass  chain  ;  fastening  to  one  end  of  it  a  silk  thread  which  pofimd 
through  a  pulley  in  the  ceiling,  and  by  means  of  which  the  cliaio 
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could  hvi  raised.  A  lock  of  cotton,  also  suspended  by  a  silk  thread, 
was  placed  near  the  can  ;  and  was  repelled  when  the  can  wafloleo- 
tritled.  On  raising  the  chain  **  the  (eleciric)  atmosphere  of  thecanu 
diminished  by  tlowiug  over  the  rising  chain  and  the  lock  of  cotton 
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»rcliiig4y  drew  nearer  tmd  uearer  to  thecauu/'  Upon  lowering 
the  chain  the  cotton  was  again  ropellcd.  Horc  as  the  surface  increased, 
the  chargo  r)*mnining  eonstantf  the  surface-density  diminished 
ftud  the  repniaion  decreased.  (5)  Faraday  constructed  a  conical  bag 
of  linen  xauz^^  and  attached  its  open  end  to  an  ingulatod  ring,  a  silk 
siring  iKiKj^iiig  ihrou^^i  the  Mpex  (Fig.  335).  If  this  cone  be  eleetri- 
,  no  charge  chn  bo  dotectf  d  on  the  interior.  Btit  on  turniug  the 
inside  out  by  means  of  I  he  silk  curd,  the  electriticatiuu  will  pass 
tbrougU  the  {^tiiise  and  agaiu  apix'ar  on  the  outride.  (0)  Sparks  may 
bo  drawn  from  the  exterior  of  an  electrified  bird-cagf,  while  gold 
leaves  placed  withiu  it  arc  unaffected. 

47t£.  Iiidiieuce  uftlic  F<>rin  ui'tlie  C«iiiiliic'tar. — Ex- 
periment sliows  that  the  ili.stribiitiou  ot"  oleotriJication 
apou  a  conductor  is  entirely  independent  of  itH  Hubstauue 
and  iw  a  fnuctiou  of  the  form  of  it«  surface  only.  Since 
a  spherical  surface  is  symmetri- 
ca) about  all  its  axes,  a  uniform 
ilistril)uti(»n  of  electrification 
HatisdeB  the  law  of  electrical 
action.  In  the  case  of  au  ellip- 
«oid,  it  cau  be  shown  that  elec- 
trical equilibrium  requires  the 
distribution  to  be  such  that 
the  surface-ileusity  at  any  point 
i«  proportional  to  a  perpendicular  let  fall  on  the  tangent- 
plane  at  the  point  Thus  (Fig.  236)  the  surface-densities 
at  r/,  A,  t\  and  d  on  the  section  of  the  ellipsoid  shown  in 
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the  figure  are  represented  by  Of^,  Oh\  Oc\  and  Od;  these 
lines  being  perpendiculars  on  the  tangents  at  a,  h,  r,  and 
d.    If  the  distribution  on  conductors  of  various  forms  be 
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examined  (Fig.  237),  it  will  be  noticed  that  the  surface, 
deusity  is  greatest  where  the  curvature  is  sma11e8t.  In 
cases  where  the  form  of  the  conductor  is  not  exccedinglj 
simple,  the  calculation  of  the  diatribution  is  extremelj 
dimcult. 

Experiment. — Fasten  a  disk  of  thin  copper  lo  a  hnndlo  of  hJn-Uao, 
for  UH»  aa  a  proof-plune.  Hriug  the  di»k  in  contact  wuti  thf  surfm 
of  H  chargfHl  sphere  uud  then  apply  it  to  a  suitable  t?li»*troineiRr,  Uw 
torsion- balance  for  example,  :iiid  uot«  the  dutlecttoii.  t'pou  rvjjvat- 
ing  the  experiment  at  varioiia  {xtinta  uf  the  surface,  tin*  8ame  dd]«> 
lion  will  be  obtaineil  ;  showing  that  the  cbai^r  of  tho  proof-pUo* 
and  thfreforo  tbe  Kurfnce-dfnnily  on  the  uphoru  ar»!  the  same  at  every 
point  touched.  If  au  ellipsoid  Ijn  utUHl  instead  of  Ibo  sph)*r«,  tb« 
vlectrieal  surface-denHtty  will  bt*  greatest  at  ita  ends;  and  by  niaktrif 
the  ex|>erimenta  with  oaro  the  rcsulu  may  be  made  qiiantiUtire. 
The  .surface-deubity  upon  the  angles  of  an  articulated  (MiraUebgruu 
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of  silver  paper  (Fig.  338)  tncreasee  as  these  angles  become  tnorv 
acute  (Mach). 

Conlonib  found  in  this  way  that  using  a  cylinder  75 
centimeters  long  and  5  centimeters  in  lUameter,  and 
cftllinp;  the  surface-density  at  the  miildle  point  uuitT.  iW 
density  at  5  I'ontimot^'rs  from  the  end  was  1*25,  at  2'5 
centimeters  1*80,  and  at  the  end  2*30,  For  a  disk  25 
centimeters  in  diameter  he  found  the  surfaee-denHity  nt 
10  centimeters  from  the  edge  1001  (that  at  the  ceDter 
being  unit}'),  ut  7"6  centimeters  1.005.  at  6  oentimetArfl 
1'17,  at  2*.')  centimeters  1-52,  at  1*25  centinieters  ^^l?, 
and  at  the  edge  2'li0  centimeters. 

473.  I>iHtrlUiition  due  to  R«|Milriion. — Since  similar 
electrifications  re]>el  each  other  it  is  pTident  that  thero 
mast  be  a  repulsive  effect  due  to  an  electrical  charge  nn 
a  conductor;  in  other  words,  that  at  all  points  of  the 


ByBRQY  OF  .^THSR8THBB8.-ELSCTR08rATICa.    547 

surface  of  such  a  conductor  there  runst  be  a  pressure 
actiug  outward  against  the  surface  of  the  surroundiug 
dielectric.  Since,  in  order  that  the  electrical  force  in  the 
interior  of  a  conductor  of  any  form  shall  be  zero,  it  is 
necessary  that  the  density  shall  increase  as  the  surface 
deoreasoH,  it  follows  tliat  where  the  radius  of  curvature 
is  leu^t  and  the  density  greatest,  the  outward  pressure 
fihould  be  |j;reatest.  A  soap-bubblo  blown  on  a  uietallic 
pipe  and  then  electritied  is  found  to  expand  fi'om  this 
repulsive  force,  and  von  Muruni  showed  that  a  hydrogen 
balloon  expands  and  becomes  lighter  when  electrified. 
It  can  be  shown  (124)  that  the  repulsive  force  thus 
exerted  amounts  to  2na*  dynes  for  each  square  ceuti- 
xueter  of  surface ;  i.e.»  that  it  varies  as  the  square  of  the 
surface -density. 

474.  Effect  of  Pointed  CunductorH. — As  the  curva- 
ture of  the  surface  increases,  the  density  increases  also  ; 
and  the  r»^p«Ision,  which  varies  as  the  square  of  the 
surface-density,  increases  still  more  rapidly.  When  the 
density  becomes  about  100  electrostatic  units  per  sc^nare 
eeutimeter  the  diminution  of  the  air-pressure  in  couse- 
quence  of  the  electrical  repulsion  is  (jS  grams  per  square 
decimeter,  equivalent  to  about  (lOtUO  dynes  per  square 
centimeter.  Then  the  electrification  can  no  longer  be 
retiitneil  upon  the  conductor  and  sparks  fly  from  it  into 
the  surrounding  air.  Evidently  this  result  takes  place 
most  readily  where  the  density  is  the  great^mt ;  i.e., 
where  tlie  curvature  is  greatest,  or  at  a  point.  The  eflect 
of  points,  therefore,  as  Franklin  was  the  first  to  recog- 
nize, is  to  discharge  into  the  air  tlie  electriticatiou  of  any 
conductor  of  which  they  form  a  ]»art.  Electrical  appa- 
ratus should  therefore  bo  free  from  points  and  from 
shai'p  edges.  Since  the  air  in  contact  with  the  point  is 
similarly  electritied  and  is  repelled,  there  is  continually 
passing  away  from  a  jMiiut  an  air-current,  or  an  electri- 
cal aura. 

£XPKBIMCNT8.— Plnce  A  ncedlo  upon  a  mctallio  fipl)ere  and  thon 
attempt  to  electrify  the  8pliore.  No  oliargo  will  be  reueived  under 
tUeso  coudiMoDK,  the  density  upou  thu  iiei'dlv-point  being  ho  great 
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that  the  electriflcutioD  escapes  therr  intn  iho  air.  If  a  lighicd  txpir 
be  held  Dear  thv  poiut  aud  in  front  of  it,  The 
fUnic  will  be  dofleotcil  by  the  ciirreDl  of  rvpdlcd 
air;  and   if  thU  curreoi  be   Hiroi  .  ib* 

flame  may  lie  blown   out.     A  wt  fn 

made  to  revolve  by  this  cnrreni  oi  air.  Sincr 
this  current  is  due  to  a  mutujU  repulsion  mn 
twccn  Iho  point  ami  th<t  air,  ibo  [xtinT  iitajr  fa« 
made  movable  ami  nmII  be  driven  iu  the  opponir 
direction.  A  pair  of  pointed  wires  sbaptid  lilir 
the  letter  S  and  *upporled  on  a  e«ntnil  pirol 
(Fig.  239)  revolves,  when  elet^trifled,  bythici^ 
active  effect. 

475.  niKtrihution  on  Two  Conditio 
no.8».  lor*. — The    sflme   priuciples    apply  to 

the  difitributiou  of  cloctritication  npon 
two  conductors  iu  contiu't.  Coulomb  ekutrifiod  i 
ball  15'5  cm.  iu  circumference  aud  fonud  that  it  gnf« 
a  torsion  of  145°.  After  touch inj^  it  with  another  UU 
(lO  cuj.  iu  circumference,  the  torsion  -was  reduced  to  12'. 
Hence,  the  cliurgo  on  the  second  ball  was  to  tliat  on  tlic 
first  as  12  :  133  i)r  as  1  :  11*1 ;  the  ratio  of  the  t4:»rsion» 
heiu^  Hs  1  :  1'21.  The  .surfaces  of  the  two  balls  were  to 
each  other  as  1  :  14*8;  and  hence  the  density  on  the 
smaller  ball  being  the  quotieut  of  charge  bj  8urffli*e  i* 
VAii  times  that  on  the  larger  one.  The  experimentsil 
results  a^ee  with  those  obtained  from  theory  hy  Poiik 
sou,  both  in  this  case  and  in  that  where  the  two  con- 
ductors remain  in  contact.  Tlius  with  two  equal  epherM 
there  is  no  electrification  at  the  point  of  contact,  nor  fut 
an  angular  distance  of  about  20"  from  this  poiut.  Tb**!! 
the  <lensity  increases  somewhat  rapidly  up  to  90*^.  and 
afterward  more  slowly  up  to  a  maximum  at  a  point  oppo- 
site the  poiut  of  contact.  In  the  case  of  a  c^'linder  »aid 
a  sphere  iu  contact,  the  ratio  of  the  densities  upproachea 
H  constant  value  as  the  length  of  the  cylinder  increase, 
the  radii  of  the  two  bodies  remaining  the  same.  If  the 
size  of  the  sphere  be  increased,  the  mean  denaity  nn  the 
cylinder  will  be  approximately  proportional  to  the  diam- 
eter of  tbe  sphere.  Coulomb  made  use  of  this  principle 
to  calculate  the  electrical  density  at  the  end  of  the  string 
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• 
ill  Frankliu's  kite  experiment.  Calling  the  radius  of  the 
tfttring  2  luillirneters  ami  Hupposiug  tlie  cloud  with  wliicli 
the  kite  was  iu  contact  to  be  the  equivalent  of  a  sphere 
288  metei-s  iu  radius,  the  ratio  of  the  radii  will  be 
1  :  144000;  and  the  ratio  of  the  mean  densities,  wliicli  is 
three  sixteenths  of  this,  will  be  1  :  27000.  Since  the 
density  at  the  end  of  an  elongated  cylinder  is  23  times 
the  mean  density,  it  follows  that  at  the  end  of  the  string 
tlie  density  is  62000  times  as  great  as  at  the  cloud  ;  aud 
lience  tlie  readiness  with  which  sparks  were  drawn 
from  the  key,  even  assuming  the  cloud  to  have  been  but 
feebly  electrified. 

47<K  Klectricul  Conveetioii,— If  a  pith  ball  be  sus- 
pended between  two  conductors  oppositely  electrified, 
and  be  brought  in  contact  with  one  of  them,  it  will 
b4)come  similarly  electrified,  will  be  repelled  by  this  one 
and  attracted  by  the  ttther,  will  come  in  contact  with 
the  other  and  will  have  its  electrification  reversed;  aud 
so  will  continue  vibrating  between  the  conductors,  traus- 
fening  the  electrification  of  each  to  the  other  until  they 
are  botli  discharged.  This  transference  of  electrifica- 
tion by  the  actual  motion  of  a  oharged  body  is  called 
electrical  convection.  If  a  metallic  lamp  burning  alcciliol 
Im*  placed  on  a  cliarged  conductor,  it  will  rapidly  ilestroy 
tbe  electrification  of  the  ctmductor ;  the  products  of 
combustion  rising  from  the  tiauie  being  charged  and 
cjirryiug  away  the  olectrificatiou  of  the  body  from  which 
they  go.  The  readiest  means  of  completely  discharging 
electrified  non-conductors,  such  as  a  plate  of  resiii  or  of 
vaicttuite,  is  to  pass  them  rapidly  through  a  flame  like 
that  of  a  BuDsen  burner,  connected  with  the  earth.  If  an 
insulated  conductor  be  placed  in  the  rising  column  of 
heated  and  electrified  air  from  the  alcohol  fiamo  just 
mentioned,  it  will  become  charged.  If  the  flame  of  a 
burner  connected  to  earth  be  brought  near  a  charged  con- 
<luctor,  tliis  conductor  is  discharged;  but  if  the  burner 
be  insulated  and  he  connected  with  a  second  conductor 
also  insulated,  this  second  conductor  becomes  similarly 
electrified  with  the  first.     The  use  of  the  water-dropping 
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collector  of  TLoidkod,  and  of  a  roll  nf  bnraing  ioncb- 
paper  to  obtaiu  the  electrical  coDdition  of  the  air  at  utj 
point,  depeuda  upou  tho  uume  j>riuciple. 

Experiments. — Various  electrical  toys  are  made  qm*  of  to  ibov 
rlcL-tricat  oouveciion.  '*  SuKpend  by  a  tine  silk  ttiread  a  countrrfeii 
»|iiili*r  uiHtio  of  a  siujiU  pitnie  of  burut  curk  witti  legs  of  linen  ihtml 
and  a  grain  or  two  uf  lead  stuck  iu  bim  io  give  him  mortf  w«t|:bL 
Ui>on  tbc  tabic  over  which  ho  bangs  we  stick  a  wire  upright  a^  bijk 
UA  the  phial  [Ix'yd(*ti  jar]  and  wire,  two  or  three  inches  from  tJi» 
{ipider;  then  we  nuiuiate  bini  by  setting  the  electrified  pbiat  At  (be 
earae  distance  on  the  other  bide  of  him;  he  will  tmmedtat<:ly  fly  to 
the  win*  of  the  phial,  bend  hi8  legs  in  touehing  it,  then  spring  nff 
and  fly  Io  the  wire  iu  the  table;  thence  agaiu  lu  the  wir«of  thppUiaJ, 
playing  wiili  Iiis  legs  again  both  in  a  very  entertaining  luaiiftef. 
apiH-aring  iMrfeetly  alive  to  persons  unacquainted/*  (Franklin.) 
A  tumbler  electrified  and  inverted  over  pith  balls  will  set  (hcQi 
daiiemg.  Images  may  vibrate  tx4wecn  two  plates.  And  cUppcff 
mny  vibrate  thus  i>elween  belis  hung  near  to  them.  In  1752,  Krenk* 
lin  connected  fiiioh  a  set  of  chimes  to  his  lightning-rod  so  as  to  m% 
on  the  Hpproach  of  a  tliunder-storra. 

C— ELECTRICAL  WOItK  AND   ENERGY. 

477.  El«?ctrifieatioii  »  Form  of  Eiiorjry. — Wbentro 
dissimilar  bodies,  such  as  mercury  and  glaHs,  are  broaglil 
into  contact,  they  l«>th  become  electrified  ;  so  that  i*i 
separate  them  more  force  is  required  than  is  due  to  their 
gravibitive  action  alone.  To  separate  them  to  a  given 
distance  an  amount  of  work  mnst  be  done  upt^n  thea 
which  is  represented  by  the  product  of  tlie  acting  force 
by  this  distance  ;  and  this  work  thus  ilono  upon  the  8>ts- 
tein  represents  the  increased  potential  energy  of  the  8j»- 
tem.  So  lon^^  as  they  may  l>e  still  farther  separated,  «> 
long  may  work  be  done  upon  thorn  and  so  long  may  the 
potential  energy  of  the  system  be  made  to  iucre«Mb 
Evidently,  (hen,  the  potential  energy  of  a  Rys6em  reaches 
its  inaxiinuni  when  the  attracted  and  the  Attracting  botljes 
are  at  an  infinite  distance  from  each  other.  But  since 
the  electrification  of  the  system  and  its  potential  energy 
increase  and  decrease  together,  becoming  zero  at  con- 
tact, increasing  with  distance  and  reaching  a  maximan 
at  iuiinity,  it  is  clear  that  what  we  havo  called  the  enerfij 
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)i  electrification  of  a  system  is  nothing  more  than  itn 
[poteuiial  euer^-. 

If,  on  the  other  hand,  the  charged  bodies  l»e  similarly 
electrified,  the  potential  energy  of  the  system  has  a  posi- 
tive Talue  so  long  as  they  repel  each  other ;  and  work 
will  be  done  by  the  system,  and  its  potential  enerfjy  will 
diminish  until  they  are  separated  to  an  intinite  distance. 
In  this  ciise  the  potential  euerg}-  is  a  maximum  when 
the  two  repellinj^  bodies  are  in  contact,  because  the 
maximum  work  liaH  been  done  upon  them.  It  is  a  miui- 
|xaum  when  they  are  at  an  infinite  distiiuce. 

478.  Eiectricul  Field. — The  space  surrounding  an 
ilectritied  body  and  throngh  which  the  electrical  force 
exerted  is  called  a  field  of  electrical  force.  Paraday 
iDceived  this  fiehl  of  force  to  be  tilled  with  lines  of 
toroe,  indicating  by  their  direction  the  direction  of  the 
-e.sultaut  force  and  by  their  closeness  the  intensity  of 
ItLe  field.  A  line  of  force  then  indicates  the  direction  in 
hich  a  unit  of  positive  electritication  would  move  if 
placed  in  the  field.  A  field  is  said  to  be  of  unit  intensity 
heu  a  unit  of  electrification  placed  therein  expenences 
limit  force.  This  is  represented  in  the  C.  G.  8.  system  by 
one  line  of  force  to  eacli  square  centimeter  of  snrfaoe. 
each  such  line  of  force  representing  a  dyne.  Hence  a 
imit  of  electrification  in  a  field  of  unit  intensity  would 
irience  a  force  of  one  dj^ne,  tending  to  move  it  along 
le  of  force, 

47S>.  Electrical  Potential  at  a  Point. — Potential 
already  been  defined  (127)  as  a  condition  at  a  point, 
to  attracting  or  repelling  masses  in  the  vicinity,  in 
virtue  of  which  a  unit  mass  placed  at  that  point  would 
possess  potential  energy.  Hence  if  a  positive  charge  be 
placed  anywhere  in  an  electrical  field,  its  potential 
energy,  due  to  the  work  done  upon  it  to  bring  it  there, 
will  tend  to  diminish  ;  and  therefore  it  will  experience  a 
iorce  tending  to  move  it  from  the  point  where  it  ia  to 
^ther  point  where  it  would  have  less  potential  energy. 
other  words,  it  will  move  from  a  point  of  higher  to  a 
point  of  lower  potential.     The  resultant  force  in  suoh  a 
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field  therefore  is  in  the  directiou  iu  which  the  ptileutUl 
diiniuishes  most  rnpiilly.  i.a,  F  ex.  —  l\  But  the  pot«ft- 
tial  euergj  possesHed  by  the  charge  at  any  point,  or» 
muiH  Htrictly,  possessed  by  the  ejbtetu  iu  its  present 
confij^uratiou,  is  nieastired  by  the  work  which  has  been 
doue  upim  it  to  bring  it  to  its  present  state  from  anotber 
static  iu  which  its  poteutiid  energy  was  zero.  That  istu 
sny,  the  electric  potential  at  a  point  in  u  |«>sitive  fiehl  U 
ivpresented  by  the  work  which  must  be  done  upon  % 
unit  charge  of  positive  electriticatiou  to  hring  it  from  wi 
iutiuite  distance  to  that  pt)iut.  Moreover,  the  diferenn 
of  potential  between  two  points  in  an  electrical  tield  rep- 
resents the  amount  of  work  which  would  be  done  upon 
a  unit  positive  charge  iu  carrying  it  from  the  point  of 
lower  to  the  point  of  higher  potential ;  or  upon  a  nnit 
negative  charge  iu  carrying  it  from  the  point  of  higher 
to  the  point  of  lower  potential.  A  C.  G.  S.  electro- 
static unit  of  potential  difference  therefore 
«xiata  between  two  points  wheu  an  erg  of  work 
must  be  expended  upon  an  electrostatic  uuit 
of  quantity  in  order  to  carry  it  from  one  point 
to  the  other.  If  we  represent  potential  by  F,  the  p(k 
tential  at  A  by  F^,  and  the  potential  at  B  by  Vg,  then 
■we  have  for  the  work  done  in  carrying  unit  charge  from 
^  to^ 


r 
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In  all  cases  the  work  done  by  or  upon  the  electrical 
forces  in  transferring  a  unit  charge  from  ^  to  Zf  is  iude- 
])endent  of  the  particular  path  followed  in  going  from  J 

to  n. 

Since  in  transferring  unit  charge  through  a  differeDce 
of  potential  eqnal  to  unity,  unit  work  is  done,  it  is  eTi- 
dent  that  by  transferring  two  unitsof  charge  through  tmit 
difference  tjf  potential,  or  one  unit  charge  through  two 
units  difference  of  potential,  two  units  of  work  will  he 
done ;  or  four  units  of  work  if  two  units  of  charge  arc 
jDoved  through  two  units  difference  of  potential.    In 
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general  tbc  work  doue  iu  nioviug  electrical  charges  is 
lueasured  by  the  product  of  these  charges  iuto  the  dif- 
ference uf  potential  through  wliich  they  are  moved 
against  the  electrical  action  of  the  cliarges  tliemselves. 
If  Q  units  of  positive  elecirificatiou  be  moved  from  a 
point  (if  lower  to  a  point  of  higher  potential,  the  diff'er- 
*»nco  between  them  being  V,  the  work  done  JV  =^  QV, 

480.  Kqiiii>ot«ntial  8iirruepM.  —  If  a  unit  positive 
charge  be  concentrated  at  a  point  and  a  unit  negative 
charge  at  first  in  coittaot  with  it  be  moved  away  from  it 
against  attraction  until  unit  of  work  shall  have  been  ex- 
pended, then  it  is  evident  that  the  difference  of  potential 
between  them  is  unity.  Moreover,  the  force  being  the 
aame  in  every  direction,  the  distance  corresponding  to 
unit  diflfereuce  of  potential  will  be  the  same.  So  that 
about  the  unit  positive  charge  as  a  center,  we  may  draw 
a  surface  such  that  to  carry  a  unit  negative  charge 
to  it  from  that  center  will  require  the  expenditure  of  an 
erg  of  work.  So  a  secDud  spherical  surface  may  be 
drawn,  tlie  difference  of  potential  between  which  and  the 
first  shall  be  unity  and  the  value  of  the  potential  over  the 
whole  surface  of  which  shall  be  the  same.  Such  surfaces 
^&  these  are  called  eqaipotential  surfaces  (130).  In  the 
case  of  spheres  they  are  sinjply  concentric  surfaces 
drawn  at  such  distance  apart  that  one  unit  of  work  shall 
be  done  iu  transferring  unit  cliarge  from  one  to  the  next. 
But  iu  tbe  case  of  more  complicated  distributions,  these 
aurfaces  are  more  complex.  Evidently  since  the  {xiteu- 
tial  is  the  same  at  all  i»nints  of  sucli  a  surface,  no  work  is 
doue  iu  moving  an  electric  charge  over  it.  And  since 
lines  of  force  are  the  directions  in  which  potential  varies 
most  rapidl}*,  it  is  evident  that  the  lines  of  force  in  any 
field  must  be  perpendicular  to  the  e<|uipotential  surfaces. 
Tbe  surface  of  a  conductor  in  equilibrium  is  therefore 
an  equipoteutial  surface. 

481,  Kiieriiry  Kxpetiiled  In  Cliar(>:lii|7  n  Coiiiiiictor. — 
When  a  coudactor  is  positively  electrified  its  potential 
is  tbereb}'  raised  to  an  extent  dependent  upon  its  sha|)e, 

and  form.     The  amount  of  charge  required  to  raise 
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the  potential  of  a  conductor  from  zero  to  nuitj  i»  called 
the  capacity  of  the  conductor.  If  Q  nnits  of  electrifics- 
tion  raise  the  potential  of  a  comlactor  to  V^  its  capacitj 
Cia 

In  the  ca^e  of  a  sphere,  we  have  (127)  for  the  potential 
at  the  center  due  to  a  charge  Q 

V^  Q/R. 

Combining  theHe  two  eqnationH,  we  have  C  =  ft  ',  or  id 
otiier  woriln,  the  caj>acitv  of  a  sphere  is  nuniericjiJIj 
equal  to  its  radius.  We  have  seen  above  that  the  wurk 
done  in  raisiug  a  charge  Q  through  a  difference  of  poten- 
tial F  is  (jy  uuitg.  But  in  clmrgin^  the  sphere  tU 
poteutial  steadily  rises  hh  tlie  electrifiontion  proceeds; 
so  that  only  the  last  increment  is  raised  tUrougli  the 
potential  \\  Since  the  first  increment  is  raiseil  tjtpjugb 
the  ptttential  leero,  the  mean  value  of  tlie  potential 
through  \\hich  the  whole  charge  is  raised  is  0  -|-  F/'2  or 
J  F.  Whence  the  total  energy  expended  in  charging  tJie 
sphere  is  iQF.  But  since  ^  =  CF  or  V~  Q/C\  wt 
have 

r=  iQV=iCV'=  iiy/a  [651 

From  which  it  will  be  seen  that  the  electrical  energy  «tf 
a  conductor  is  directly  proportional  to  the  square  of  its 
potential  or  fo  the  square  of  its  charge. 

4H2.  Unit  of  Eh'cfric  Potential.— The  force  exeHwi 
upon  unit  chnrge  by  a  charge  Q  at  distance  B  is,  in  tlrt 
C.  G.  S.  Hystem,  Q/Ii*  dynes.  The  potential  <luetiiA 
charge  Q  at  a  distance  R  is  Q/R  ergs.  If  there  b« 
several  acting  masses  9,  q',  q'\  g*'\  etc.,  at  disfances  t, 

r'.  r'\  r"\  etc.,  the  totel  potential  F=  ?  -f-  ?,4-  i/^4.?^. 

etc.,  —  ^{q/r).  Since  numerically  the  work  done  between 
A  and  B  in  carrying  a  unit  charge  from  one  to  tlje  other 
is  V^  —  Vn  and  is  also  J^{AB),  we  may  eqnate  tb^s© 
values:  l\  —  Vgt  =  —  F{AB),  Whence  we  have  F  = 
—  (F4—  liji)!  AB  \  \n  ^\v\ck  Frevresents  the  average  or 
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meaQ  force -along  AB.  It  will  he  observe  J  that  electric 
force  tH  simplj  the  rate  at  wLicli  the  electric  potential 
varies  per  unit  of  length. 

Since  potential  represents  work  done,  the  unit  of 
potential  is  the  unit  of  work  ;  i.e.,  the  erg.  Moreover,  a 
unit  difference  of  potential  exista  between  two 
puiuts  when  to  bring  unit  charge  from  one  tu 
the  other  against  the  electric  forces  requires 
one  erg  of  work  to  be  expended.  This  is  the  case 
between  two  equipntential  snrfnces.  Since  relative 
|K>tentiul  is  the  analogue  of  level,  any  equipotential 
surface  may  be  assumed  as  a  surface  of  reference  and 
called  zero  ;  potentials  above  this  being  called  positive 
and  below  it  negative.  As  the  level  of  the  sea  is  taken 
aa  the  point  from  which  heights  are  measured,  so  tiie 
Burface  of  the  eartli  is  considered  in  practice  to  be  at  jsero 
potential,  electrically. 

Section  III. — Electhostatic  Induction. 

A. — CHAKOK   BY   n>DCCTION. 

483.  Phononicuon  of  Induction.  —  Whenever  an 
electritied  conductor  is  brought  into  the  vicinity  of  an 
uuchu'trided  one,  the  Intter  becomes  electrified ;  dis- 
similar electrification  appearing  on  the  side  nearer  the 
electrified  conductor  and  similar  electrification  upon 
the  farther  side.  Electrifit-atiou  produced  iu  this  way, 
by  the  presence  of  an  electrified  body  iirid  without  con- 
tact, is  called  electrification  by  induction.  Evidently  in 
tliis  case  the  two  (dectrificatious  have  been  simultane- 
ously »leveloped,  the  similar  electrification  being  rejiellf^d 
by  the  charge  on  the  electrified  conductor  and  the  dis- 
similar electrification  being  attracted.  On  removing  the 
electrified  conductor,  all  signs  of  iudnced  electrification 
didappear. 

Ifp  wldle  the  si^cond  conductor  is  still  under  the  in- 
fluence of  the  electrified  one,  its  remote  side  be  connected 
to  earth,  the  electrification  will  disa]>pear  from  that  side; 
and  on  withdrawing  the  electrified  conductor,  the  second 
conductor  will  be   fnund   bi   have  a  charge   o]rposite   iu 
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kind  t<>  that  with  wliich  tlie  electrified  roudncrtor  iiself 
was  originally  charged.  Hence  electnfication  by  induc- 
tion produceH  an  electrification  opposite  in  kind  Ui  that 
of  the  exciting  charge. 

This  inductive  action  plays  an  important  part  in  ail 
electrical  attraction  and  repnlsiou.  AVheu  a  pith  ball  i» 
attracted  by  an  excited  glass  rod,  the  ro<l  induces  nega- 
tive electrification  on  the  nearer  side,  positive  electrifica- 
tion on  the  more  remote  side.  And  as  a  consequence 
the  attractive  action  being  due  to  the  opposite  electrifi- 
cation.s,  whicli  are  nearer  to  each  other  than  the  simflar 
ones,  is  stronger  than  the  repulsion. 

Further,  if  these  two  electrified  bodies  be  allowed  to 
come  in  contact,  the  two  opposite  electrifications  will 
evidently  neutralize  each  other,  either  wholly  or  par- 
tially; thus  having  both  bodies  similarly  charged.  II 
may  therefore  be  quite  impossible  to  distinguish  tbe 
similnr  electrification  of  two  bodies  wliich  is  developed 
by  induction,  from  the  similar  electrification  produced 
by  conduction.  Faraday  says :  "  Bodies  cannot  lie 
charged  absolutely  but  only  relatively,  and  by  a  prin- 
ciple which  is  the  same  with  that  of  induction.  All 
charge  is  sustained  by  induction.  Induction  appears  to 
be  the  essential  function  both  in  the  first  developmoDt 
and  tlie  consequent  jilieuomena  of  electricity." 

ExpEiUMKNTs.— An  itisiilatwl  cylindrical  coTi<!urtor  with  licmi- 
spherieul  erxis  \vh(»$i>  length  is  atx>ut  ten  times  itn  diamHer  (Fi^. 
240)  is  provided  with  two  pairs  of  pith  balU  at  its  extremities,  «ii«- 
pended  by  linen  threads,     (1)  Bring  near  this  cunducior  a  mei&llic 


^ 


Fta.  WO. 

Sphere  charged  positively.  Both  pairs  of  pith  balls  will  diverg«i,  the 
pair  nearer  the  ftphore  being  attracted  towanl  \U  <2)  Examine  now 
the  condition  of  the  cylinder  by  means  of  the  proof-plane.  It  will 
be  found  that  while  a  region  near  the  middle  part  of  the  cylinder  is 
entirely  unclectrified,  the  end  nearer  the  sphere  is  nt^i^ntively.  that 
farther  from  \\  w  \)os\VW«A^',tWirifted.     (8)  Remove  the  aphere  from 
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tfae  ricinity  of  the  cylinder.     All  stgns  of  electrification  disappenr, 
the  positive  and  negative  charges  completely  neutralizing  each  other  ; 
thus  proving  that  ihcy  are  equal.     (4)  Koplaee  the  i'Im!trif)ed  sphere 
nnd  touch  with  the  finger  the  remote  end  of  the  cylinder.     This  ia 
equivalent  to  Diakiug  the  cylinder  of  indefinite  length;  moreover, 
Ifae  poHitive  electrification  being  conducted  to  earth  is  so  diffused 
that  the  charge  on  the  cylinder  becomes  insensible.     (5)  Remove 
now  the  electrified  sphere.     The  negative  electrification,  being  th» 
lon>rer  held  by  the  altraction  of  the  positive  electrification  of  tho 
Mphere,  diffuK(>s(  itself  over  the  cylinder  and  both  pairs  of  pith  balls 
n  diverge,  but  now  with  the  same  eleclrifiealion  ;  i.e.,  negative. 
Briug  the  elect rified  sphere  into  contact  with  one  end  of  the 
Under  and  then   remove  it.    The  cylinder  will  be  found  to  t>e 
electrified  positively  throughout,  the  negative  electrification  developed 
by  induction  upon  the  end  nearer  the  sphere  having  Ijcen  neutralized 
by  the  positive  charge  of  the  sphere  itself,  thus  leaving  the  cylinder 
poeitivety  charged.     (7)  If  two  short  insulated  cylinders,  placed  ia 
contact,  be  eU^ctrified  by  induction  and  then  separated   from  t-Hrh 
other,  each  will  be  found  chai*ged,  but  with  opposite  eleutrificiitions. 
484.    Oold-leat*  KIcctrosoope.  —  An   electroscope  is 
ijiKtruiueut  for  il«teoting    eleotriticntion.       Franklin 
a  a  pair  of  liuen  tlireatlH  as  au  electroscope,  the  two 
iverging  when  electritied.     Canton  placed  a  suiall  ball 
of  C4>rk  upon   the  end  of  each  thread.     Baussnre  used 
two  line  silver  wires  each  pronded   with  a  pith  ball. 
Yoltft  employpd  two  pieceM  of  straw  ;  and  Bonnet  (1787) 
replaced  the  pieces  of  straw  by  two  strips  of  gold-leaf- 
MuxwelTs  form  of  gcdd-Ieuf  electroscope  is  shown  in 
Figure  241.     Tho  gold  lea\*e8  /,  /  are 
Buapended   from   a  ruetal  rod  which 
pas^K  through  the  top  of  an  enclos- 
ing cylinder  of  glass  <7,(jr,  and  termi- 
nates iu  a  metallic  disk  L,    To  screen 
the  gold  leaves  from  the   action  of 
outside  electrification  and  to  protect 
them   from   unequal  distribution  on 
the  interna]  surface  of  the  glass,  a 
wire  cage  w,  m  is  placed  M'ithin  the 
cylinder  and  ia  connected  to  a  metal 
knob  M  upon  the  outside.    The  di- 
vergence of  the  gold  leaves  indicates 
A  difference  of  potential  between  the  leaves  themselveB 
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uud  tiiat  of  the  cage  ;  so  that  if  the  ctige  be  counected  to 
earth  its  poteutial  will  be  zero  ciud  the  differeuoe  uf 
poteutiul  will  be  the  abuulute  puteutial  of  tlie  golil  lejiTe^ 
due  to  the  electriiicatiou  upou  them. 

Experiments.— (1)  Bring  a  atick  of  sealing-wax  which  biislwea 
rubbed  with  tlannel,  near  the  plate  uf  ibe  gold-leaf  eloctn«oape. 
The  gold  Ipiivtis  will  direrge,  bciog  cbargt*d  uegalively  by  inductJoo. 

(2)  Toui.'b  ihe  plate  for  an  instant  with  the  finger  and  then  remove 
the  sealing-wax.  The  gold  leaves  will  now  be  perinaiiently  clurgoi 
poftilivcly. 

{H)  Bring  a  patitively  charged  l>ody,  an  excited  glass  rod  for 
example,  into  the  vicinity  of  the  plate.  The  gobl  leaves  will  diveri^ 
ftUll  more.  If  a  negatively  charged  b^jdy  bo  brought  Dear  the  plaie, 
the  divergence  of  the  gold  leaves  wUl  be  dimiui&hed. 

(4)  Insulate  now  the  knob  of  the  elect ruscoi^e  from  the  earth  and 
bring  a  charged  body  near  the  plate.  The  phenomena  will  Iv  all 
reversed,  the  divergence  of  the  gold  leaves  being  diiuinisbed  il  ihe 
ln>dy  bt»  iKwitively  charged,  and  inerejiiw^d  if  it  be  negatively  charged 

(5)  Reiwat  these  experimerii«,  using  a  glaaa  nxl  rubbed  with  ailk 
as  the  source  of  the  electrical  excitation.  The  indications  of  Uir 
eleutrottci^pe  will  be  the  same  a&  before  with  a  change  uf  sign  in  the 
electrification. 

By  meauB  of  the  gold-leaf  electroHcoper  therefore,  not 
ouly  may  the  electrification  of  a  bmly  be  detected,  bnt 
its  positive  or  negative  character  relatively  to  that  of  the 
j^old  leaves  may  bo  determined;  the  gold  leaves  them- 
i^elves  being  positively  or  negatively  electrified  according 
as  ihoy  are  of  higher  or  lower  poteutial  than  tbe  anr- 
rounding  cage. 

485.  Amount  uf  Induced  Electritioaitiou* — If  ati 
elcctrilied  body  A  be  completely  surrounded  by  a  con- 
ductor IS  of  any  form  whatever,  there  is  produced  upon 
the  interior  surface  of  the  conductor  B,  by  induction,  ao 
electrification  of  eqnal  value  with,  and  of  contrary  sign 
to,  the  electrification  of  the  inducing  body  -4,  the  distri- 
bution of  which  depends  upon  the  form  and  position  of 
A,  There  is  also  produced  upon  the  exterior  Hurface  of 
the  conductor  B,  by  induction,  an  electrification  of  the 
same  sign  as  that  of  A  and  of  equal  value,  dn^tHbut^l 
regularly  upon  B  as  if  no  electrificution  existed  in  ite 
interior.     If  the  covu\v\i:tov  li  be  put  iutc^oomniunicatioB 
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with  the  earth,  the  external  eleetriticatiou  diHappears, 
but  the  internal  electritication  is  uot  afi'eoted  ;  su  that  it 
exerts  no  action  upon  auy  exterior  point     (Faraday.) 

Exi'KnuuNTS.— (1>  Place  u  miitable  cylinder  of  metal  A  {Fig.  843) 
— Fanuliiy  lined  a  pewter  ice-pail— on  an  in- 
Auiatiiig  »tHnil,  in  connection  with  cue  electrode 
of  a  gold-Icftf  eloctrosoope  B,  tho  other  being 
put  to  eurthf  und  lower  into  it  a  cbargml  luetul- 
tic  ftphore  C  «us[>ende(l  by  a  white  silk  thread. 
OtMerve  (a)  that  the  exterior  of  the  uylitiilcr  is 
4»l0otnfiod,  ns  in  .shonn  by  the  divergence  of  the 
gold  leases,  {b\  ihiit  this  elcctriAcntion  is  of  tho 
sanio  kind  ix&  that  of  the  sphere,  and  (>')  t)iat 
il  cea^'A  to  increase  as  soon  as  the  sphere  is 
ffOtirely  within  tho  cylinder.  This  is  striutly 
frue  only  when  the  cylinder  is  an  entirety 
dewed  one  such  as  in  shown  In  Figure  248. 
kving  the  sphere  uImhiI  within  the  cylinder 
no  effect  upon  the  cloctrihoiition. 

(8)  Touch  the  outside  of  the  cylinder  with  Fro.»«ii 

the  finger  for  a  monieul ;  ttiv  gold  leaves  will  collapse.  Observe 
that  no  eleotrificatiun  appears  uw  moving  the  6phen>  about  within 
the  cylinder,  but  that  on  taking  it  out,  the  gold  leavee 
diverge  by  ihe  same  amount  as  in  the  first  experiment. 
The  electrification,  however,  while  equal,  is  now  of  the 
opp*Mite  sign  to  that  of  the  sphere. 

(3|  I»wcr  the  charged  metallic  sphere  until  it  comes 
in  coni.'icl  with  the  bottom  of  the  cylinder.  Ob»erve{a) 
that  no  r'hjtiigo  laki's  plaot?  in  the  exterior  electrification 
of  the  cylinder  at  tht^  instant  of  contact  ;  and  {b)  that 
on  removing  \\w  sphere  it  is  alKolntely  unnliK^trified. 
Thus  proving  that  the  unlike  charge  produced  by  in- 
\^  J  duotiou  on  the  interior  of  the  cylinder  and  the  like 
T^*^  charge  induced  ujM)n  its  exterior  are  exactly  equal  to 
the  inducing  charge  ui>oii  the  sphere. 

(4)  Compare  the  rharges  of  two  similarly  eleclrifled 
spheres  Ut)  by  letting  them  down  into  tlic  cylinder  al- 
ternately and  noting  the  divergence  of  the  gold  leaves ;  and  (6)  by 
pUeing  one  of  the  spheres  within  the  cylinder,  touching  the  outside 
for  ao  instant,  then  withdrawing  the  first  sphere  and  intrixlncing 
the  aecond.  If  the  charges  are  equal,  there  will  be  equal  divergctice 
the  first  ease;  and  iu  the  second  tlie  elect roscoiio  will  niiow  no 
trifieatioD. 
{ft)  Place  the  two  sphere;;  opjMwiiely  electrified  within  the  cyUa- 
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der.  If  tbeir  charges  are  equal,  the  gold  leavt^i  wiU  ivnuun  uaif- 
teoted. 

(6)  Support  a  smaH  electrified  sphere  within  h  Rtietp^^Qded  ud 
closed  cylinder,  and  dinchftrgu  the  exieninl  elecr :  Tben 

pUot»  tlif  wliolo  in  n  larger  inaulate<I  oylindor  c-  wuh  ao 

electroscope.  Observe  (.a)  that  the  jfuld  leuvt^  will  »>e  uimflrct^t 
cvfD  if  the  sphere  Ije  lakeu  out  of  tbe  smaller  cyliuder  and  movt*! 
abtmt  williiu  the  larger;  and  (6j  that  if  either  the  elect nUed  *pb«» 
or  the  soialier  cylinder  he  removed  from  the  larger,  the  t*lc!clrv«cnfv 
will  indicate  either  positive  or  negative  electrification. 

(7)  flace  this  auall  charged  bphere  within  the  lar)j»'r  cylinder  ami 
note  the  divergeneo  of  the  j^uld  leaves.  Then,  without  altering  i(» 
ehar>;e.  place  ihe  bphere  wiihiu  the  amuUer  rylinder  and  b.nb  witbin 
the  largi-r  one,  and  again  note  the  divergence.  Jt  will  be  the  tamt 
in  both  cases;  showing  thut  the  eUTiritieation  induci-xl  on  the  oot- 
(tide  of  the  smaller  cylinder  is  the  wiine  in  umouai  aa  that  of  Utt 
inducing  charge  on  the  sphere. 

(.8)  Hang  the  smaller  cyhuder  within  the  lai>;er  odi-,  plnev  tbe 
charged  spliere  iu  the  inner  oyhuder,  and  connect  th^  tno  c\lltuleCL 
The  larger  one  will  have  a  charge  w^ual  to  Itmt  of  the  sphere.  Bn 
move  the  sphere,  take  out  the  smaller  cylinder  and  discharg«»  if,  w^ 
placid  it,  put  the  sphere  again  within  it,  and  again  lunkc 
The  outer  cylinder  now  receives  a  second  ehai^  ctjual  to  f!  ■ 
and  by  repeating  the  operation,  any  numl>er  of  chargers  each  «}ittl 
to  that  of  the  sphere  may  he  given  to  the  cylinder.     (Maxwell.) 

480.  I.41W8  of  Elec-truNtatics, — The  laws  of  electro- 
static action  are  thus  stated  b,v  Maxwell : 

L  The  total  electrification  of  a  bodjoraya- 
tem  of  bodies  remniuK  alwajK  the  .same  except 
ill  so  far  as  it  receives  electrification  from* 
or  gives  electrification  to,  other  bt>dies. 

II.  Wlien  one  body  electrifies  another  bj 
coudiiction,  the  total  electrification  of  the  two 
bodies  remains  the  same;  the  one  losing  ft» 
mnch  positive  or  gaining  as  roach  negative 
electrification  as  the  other  gains  of  positive 
or  loses  of  negative  electrification. 

m.  When  electrification  is  produced  by  anj 
known  method,  equal  quantities  of  positive 
and  of  negative  electrification  are  produced. 

IV.  If  an  electrified  body  or  system  of  bodies 
be  placed  M'ithin  a  closed  condncting  surface. 
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the  interior  electrification  of  tlxis  nurfaoe  is 
equal  Hud  opposite  to  tlie  electrification  of 
the  body  or  system  of  bodies. 

V.  If  no  electrified  body  be  placed  within  a 
hollow  conducting  Nurfacu,  the  electrification 
«>f  thiri  surface  as  u  whole  and  of  every  part  of 
this  surface  is  zero. 

4H7.  Kk'ctnunotivf  Force, — We  have  already  seen 
that  a  positive  cliarge  experiences  in  au  electrical  field 
li  fon*H  tending  to  move  it  in  the  direction  in  which  the 
potential  diminishes  most  rapidly;  i.e.,  in  the  direction 
of  a  line  of  force.  Whenever  a  positive  charge  is  placed 
on  a  conductor,  its  presence  raises  the  potential  of  the 
oouductor  at  that  point  above  that  of  surruundiug  points  ; 
and  hence  a  flow  of  electrilication  takes  place  until  the 
potential  is  the  same  everywhere;  i,e.,  until  the  surface 
of  the  conductor  is  an  equipotential  surface.  So  again,  if 
two  metal  spheres  at  different  potentials  bo  connected  by 
a  wire,  a  transfer  of  positive  electrification  will  take  place 
from  the  one  of  higher  to  the  one  of  lower  potoutial,  or 
a  transfer  of  negative  electridcation  from  the  one  of  lower 
to  the  one  of  higher  potential,  or  both,  until  the  difference 
of  potential  disappears.  To  any  agency,  whatever  its 
nature,  which  teuds  to  produce  a  transfer  of  electrifica- 
tion  such  as  these  the  name  electromotive  force  has  been 
applied. 

If  a  gilt  pith  ball  suspended  by  a  silk  fiber  and  posi- 
tively  charged  be  placed  in  an  electric  field,  it  experi- 
ences a  mechanical  force  tending  to  move  it  in  the  posi. 
tive  direction  jdong  a  line  of  f<irce ;  or  in  other  words,  in 
the  direction  of  the  electromotive  forc^  of  the  field.  This 
mechanical  force  is  found  to  be  directly  proportional, 
first,  to  the  charge  upon  the  ball;  and  second,  to  the 
electromotive  force  of  the  field  at  the  point  occupied  by 
the  center  of  the  ball ;  and  hence  it  is  measured  by  the 
product  of  these  quantities.  If  the  charge  upon  the  ball 
be  one  electrostatic  unit,  then  the  mechanical  force  which 
it  experiences,  measured  in  dynes,  represents  the  electro- 
motive  force  of  the  field.     Hence  "  the  electric  or  electro- 
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motive  force  at  a  point  is  the  force  which  would  b« 
experienced  bj  a  small  body  charged  with  the  unit  oi 
positive  eleotrifiuatiuu  uud  pltvced  at  that  ]H)Lut,  tlit 
electrification  of  the  sjutem  being  buppused  tc  reniAu 
undisturbed  by  the  presence  of  this  unit  of  electrmc&> 
tiou."     (Maxwell.) 

B. — ELECTROSTATIC  CAPACmf. 

488.  £fl'cot  uriuUuctiou  upon  Capacity. — The  CftpM- 

itj  of  a  him  pie  conductor  has  already  been  defined  (481) 
as  the  ratio  of  its  charge  to  its  potential ;  or  in  other 
words,  us  the  amount  of  electritication  required  to  raiirt 
its  poteutiul  from  zero  to  unity.  In  the  case  of  a  sphere 
at  a  distance  from  other  bodies,  the  nun]l}er  of  C.  G.  & 
electrostatic  units  of  electrification  required  to  raise  iti 
potontiul  from  zero  to  unity  ia  represented  by  the  same 
number  that  expresses  its  radius  in  centimeters.  Sup 
pose  now  tliis  sphere  be  surrounded  by  a  spherical  shell 
concentric  with  it,  and  connected  to  eurth.  It  will  be 
found  that  its  capacity  is  very  greatly  increased,  so  that 
now  a  much  larger  quantity  of  electrification  is  required 
to  raise  its  potential  from  zero  to  unity.  Or  what  is  the 
same  thing,  a  coiM]>aratively  small  electromotive  forr^  is 
able  to  ftccnmulate  within  such  an  apparatus  a  very  lar{^ 
nhur^e.  The  capacity  of  a  conductor,  the^r^^fore,  is  % 
function  not  of  its  own  size  and  shape  alono,  but  also  of 
the  form  and  position  of  neighboring  condnoiors.  A  pwr 
of  couductors  separatfid  from  each  i>ther  by  a  small  itit^r- 
val  constitutes  an  apparatus  termed  a  condenser,  since  in 
the  language  of  the  older  theory  so  much  eleotrio  finid 
can  be  condensed  into  it. 

4H9,  Ciipacity  of  Condensers. — It  is  not  difficult  Iri 
calculate  the  capacity  of  some  of  the  simpler  forma  of 
condenser.  Take  in, the  first  place  a  sphf^re  of  radiufi  n 
contained  within  a  second  and  conceutric  spbei'e  of  radins 
b.  If  a  eharge  q  be  given  to  the  inner  sphere,  a&  equal 
and  opposite  charge  —  q  will  be  induced  on  the  interior 
Burface  of  the  outer  ftyUete.    lu  tlie  <'hapters  on  PotentttI 
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(127,  482)  it  was  proved  that  the  potential  of  a  charge  q 
at  u  distance  r  is  q/r,  Heuce  at  a  distance  r  from  the 
center  of  the  condenser  the  potential  due  to  the  inner* 
sphere  will  be  q/r  and  that  due  to  the  outer  one  will  be 
—  q/r.  But  these  valuen  are  equal  and  opposite  in  sign, 
and  hence  at  the  point  r,  or  at  any  other  point  outside 
the  outer  sphere,  the  potential  is  zero.  At  any  point 
between  the  two  surfaces,  at  a  distance  r  from  the 
center,  the  potential  due  to  the  inner  sphere  is  of  course 
q/r,  BLuce  the  point  is  outside  of  it.  Tlie  potential  due 
to  the  outer  sphere,  being  constant  at  all  points  within 
it,  and  the  same  in  value  as  on  the  surface,  will  be  —  q/b. 
Whence  the  total  potential  in  this  intermediate  space, 
being  the  algebraic  sum  of  the  partial  potentials,  is 
(gr"'  —  qh'*)  =  g(r"'  —  &"*).  At  the  surface  of  the  inner 
sphere,  the  potential  is  ^(a'*  —  fc"')  since  on  this  surface 
r  =  a.  At  all  points  within  this  inn*>r  Hphere  tlie  poten. 
tial  is  uniform  and  has  the  same  value.  The  cajuicity  of 
this  inner  sphere  being  the  charge  q  when  the  ])otentiaI 
is  made  equal  to  unity,  we  have  from  the  equation  F  = 
y(a* '—/>"') by  making  V=  1,  f^  =  l/(a''  —^'*)\  which  re- 
daces  to  9  =  ab/{b  —  a);oTb  —  a:a::b:q.  In  other 
words,  the  cajmcity  of  a  spherical  condenser  is  a  fourth 
proportional  to  the  distani^e  between  the  surfaces  and 
the  radii  of  these  surfaces  (Maxwell),  If  the  distance 
h—  a  between  the  spheres  be  called  e,  and  at  be  regarded 
aA  equivalent  to  a',  then  the  capacity  =  a'/e  =  47ray47re  = 
jS'/4ff-«;  in  which  S  is  the  surface  of  the  inner  sphere. 

Evidently  by  making  h  —  a  smaller,  the  capacity  may 
be  made  greater ;  so  that  the  capacity  of  a  condenser  is 
the  greater  the  smaller  the  distance  between  its  conduct- 
ing aurfaeefi.  To  illustrate  this  increase  in  capacity*  take 
the  case  of  a  condenser  having  an  inner  sphere  of  10  cm. 
radins  and  an  outer  sphere  of  101  cm.  The  capacity  of 
the  inner  sphere,  away  from  all  oilier  bodies,  would  be 
ten  electrostatic  units.  But  in  presence  of  the  enclosing 
gphere  connected  to  eaxth,  it  will  take  1010  electrostatic 
nnits  to  raise  its  potential  from  zero  to  unity.  In  other 
words,  its  capacity  has  been  increased  101  times  ;  so  that 


fi04 


rnrsics. 


>f  air  of  tbickDesfl^, 
no-  platfs.  ntiil  let  us 
tral  portion.    Calliog 


it  18  now  equal  to  that  of  a  taUBplf^  Mplien*  more  ibJA 
twenty  luoters  \u  diauicter. 

As    il    HeCOD<l    Ulist",  1ft   lisi   h 

two  tiat  i>]ates  separnt^d  bv 
much  I0K8  tliftu  the  dimensi 
i-estrict  uur  iuvestigatiou  t    t 
A    the  poteutial  of  the  itpp^r  plate  aud  B  that  oE  Ik 
lower  oiio»  the  m^an  elo-  '     i-e  at  iiny  poiut  botwewi 

the  platen  will  be  (A  —  ting  from  ..4  towanl  B; 

siiKie  Fe  =  -1  —  H^  or  the  work  done  between  the  plates 
if>  equal  U^  the  difference  of  poteutial  between  them. 
Aouordiuj^  to  the  law  of  Coulomb,  tlie  force  close  to  the 
fliirface  of  au  electrified  conductor  is  4;r  times  the  snr* 
face-densitv  ;  or  /^=  47<r.  Equating  these  two  ralaesof 
/'^we  have  intr  =  {A  —  ^)/f  i  whence  rr  =  (^  —  ^i/4tt, 
the  surfat^it-densitj  on  the  upper  plate  A.  That  on  tU 
lower  is  tlie  name  in  auionut  but  of  opposite  sign.  If  we 
assume  an  area  S  upon  the  upper  plate  as  the  area  of 
the  condenser-plate,  the  charge  g  upon  8uch  an  area  will 
be  So-,  nrq  =  S({A  —  j5)/4.Te).  If  we  make  A  —  B,  the 
difference  of  potential  between  the  condenser-plates, 
equal  to  unity,  the  potential  of  plate  A,  since  B  is  con- 
nected to  earth  and  is  zero,  will  be  unity ;  and  hence  the 
capacity  7  wiJl  be  S/^ttp,  Let  us  assume  a  disk  of  10 
cm.  radius,  as  tlie  upper  plate  of  the  condenser.  Its 
capacity,  supposing  it  to  be  separated  one  millimeter 
from  the  other  plate,  will  bo  IOOtt/O'^tt  =  250.  Or,  to 
raise  the  poteutial  of  such  a  condenser  from  zero  tn 
unity  would  require  250  electrostatic  units ;  equivalent 
to  that  required  by  a  simple  sphere  6  meters  in  diameter. 
41M>.  The  I^eydeii  .lar-^We  owe  the  iliscovery  of  th*i 
phenomenon  of  condensation  to  Kleist  of  Cumin  (174ot 
and  to  MuBchenbroek  of  Leyden  (1746).  Cuneus,  the 
pupil  of  the  latter,  in  endeavoring  to  electrify  water  in  a 
bottle  which  he  held  in  his  hand,  received  a  distinct 
shock  when  he  attempted  to  remove  with  the  other  hand 
the  chain  leading  to  the  machine.  Franklin's  coudenRor 
consisted  of  a  plate  of  glass,  its  central  ]>ortiou8  coated 
on  both  sides  with  tinfoil.   A  more  common  form  of  cod- 
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denser  conaiais  of  a  glaBH  jar  coated  npou  both  the  in- 
side and  the  ontbide  with  tiufoil  to  near  the  top  r^ 
(Fig.  244)  aud  provided  with  a  wir«  cumiuiiui- 
4.tAting  with  the  iuiier  coating  und  teriuiuutiug 
exteriorly  iu  a  knob.  From  the  place  of  its 
<iri{^n  siu'h  a  condenser  ia  ordinarily  called 
rt  Loydou  jar.  Its  capacity  may  generally  be 
calculated  with  a  sullicieut  ap[>roxiiuatiou 
from  the  foniinla  C  =  S/Ane,  in  which  S  is 
the  area  of  one  coating  and  e  the  thickness  of 
the  glass  itself.  T!»e  charge  required  to 
raise  the  potential  of  the  jar  to  F  uuita  is 
of  course  V  times  this ;  whence  Q  =  SV/-ine, 
The  chjirge  is  directly  proportional  to  S,  the 
■area  of  the  coated  surface. 
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ExPKHiMRvrs.— (1)  Plftoe  a  Loyden  jar  on  a  plate  of  ^laas  nnd 
<n>nnect  the  knob  to  a  snurco  of  olectrincaiton.  Only  n  vury  8maU 
-chargt*  will  entei*  the  j»r,  »o  lonf;  nsi  iu  outer  oonliug  \&  inaulaUid 
from  thr  e/irib. 

(3)  When  .sparka  hiive  ceatietl  juiSiiiniL;  tjetweon  the  knob  of  the  jar 
aod  tho  nutchiiio,  hold  a  nietnl  Imll  near  Mio  nutor  coatinj; ;  a  ^|>ark 
wilt  pofiS  belwecn  the  cuatiri);  aiui  tho  ball,  and  nt  thcKanmtiniu  an- 
4»(her  spark  hf^tvreen  tht*  niarhtno  anrl  tho  knob.  By  continuing  to 
take  tiparks  in  tliis  way,  the  jar  uiay  Iw  charged. 

(3)  Toftl  tho  nlwtrificntion  uf  the  interior  by  means  of  the  proof- 
plane,  the  jnr  standing  on  tho  table.  Placo  the  Jar  on  a  place  of 
j^rlasft.  touch  tho  knob  for  an  instant  with  the  finger,  and  thrn  teat 
ibe  idt'Clrifioalidii  of  th«  ext<irior.  Observe  that  tho  doctriticatiuns 
arc  nalike. 

(•I)  Connect  the  ontside  coating  with  the  knob  by  means  of  the 
<Ui*rh.irging-rod,  a  <-nrv«*fl  win»  with  balhs  at  its  endft,  supported  on  a 
luuidto.  Juki  bcfon*  the  knob  is  readied  a  bright  sharp  spark 
■nd  the  jar  ta  disehnrged. 

TO  Tnaulatc  the  jfir  on  a  plate  of  glaas  and  t^juch  the  two  coatings 
altenmtely  with  tlie  (Inger  or  with  a  metal  ball.  Each  contact  trans- 
form electrification  and  bo  ultimately  reduces  the  diiTereDce  of  potcn- 
lijil  to  xerfj. 

491,  Electric  Barter}', — A  number  of  jars  couoeoted 
HO  as  to  act  together  constitute  an  electric  battery.  They 
may  be  so  arranged  that  all  the  outside  coatings  are 
joined  together  and  all  the  inside  coatings  are  similarly 
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joined.  The  battery  then  aetH  nimply  like  one  lurg 
its  capacity  beting  the  sum  of  the  i-npaoitie^  of  the  s- 1..- 
rate  jars  ;  or,  if  tbo  jarw  «re  all  equal,  beiug  tlio  prtniu'^l 
of  the  capacity  of  a  sin^jle  jar  by  the  nutuber  of  jars.  Oi, 
secondly,  the  jar«  may  be  connected  alternately,  tl 
side  coating  of  the  tirst  with  the  inside  ooatin^^  '  .  . 
second,  and  bo  on.  In  this  case  the  capacity  of  the  bat- 
tery is  obtained  by  dividing  the  capacity  of  one  jar  br 
the  number  of  jars. 

492.   Energy  expcuded  in  chan^iu^  »  Condeiutpr. 
— Tt  baa  already  been  shown   (481)  that  the  work  douo 
in  charging  a  simple  conductor,  aud  therefore  the  energy 
which  is  stored  up  in  such  a  conductor  when  charged,  sa 
represented  by  iQF;  or,  since  Q  =  C/'  by  iCK*.    TKe 
energy  in  a  single  jar  or  in  a  number  of  jars  arranged  in 
multiple,  as  in  the  tirst  case  above  mentioned,  is  directij 
proportional  to  the  capacity  of  the  jar  or  battery.    If 
this  energy  be  trausformed  into  heat  during  the  dis- 
charge,  the  quantity  of  heat  will  be   H=  C\^/'^\  in 
which  J  is  Joule's  equivalent.     For  a  given  charge  the 
energy  in  a  battery  an*anged  in  multiple  is  inverselr  an 
the   number  of  jars  ;  while   for  a  given   potential  the 
energy  is  directly  tvs  the  number  of  jars.     For  a  number 
of  jars  arranged  in  series,  as  in  the  second  method  aboT» 
given,  the  reverse  is  true  ;  the  energy  beiug,  for  a  given 
charge,  directly,  aud  for  a  given  potential  inversely,  m 
the  number  of  jars.     Since  a  given  charge  will  raise  the 
potential  of  a  siugle  jar  higher  than  it  will  that  of  two 
jars,  it  is  evident  that  when  the  charge  of  a  siugle  jar 
is  divided  l)etween  two,  there  is  a  fall  of  potential  and 
consequently  a  loss  of  energy. 

I  O. — DIELECTRIC   POLAKIZATION. 

40.'t.    Eleclrifloation  roshlrnt  In  the  Dielerlnc« 

In  1748,  Franklin  showed  that  "the  whole  force  of  the 
bottle  and  power  of  giving  a  shock,  is  in  the  glass  itself; 
tlie  non-electrics  in  contact  with  the  two  surfaces  serving 
only  to  give  and  receive  to  and  from  the  several  parts  of 
glass ;  that  is,  to  give  on  one  side  and  take  away  on  the 
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tLer."  Whenever  an  electriEed  body  is  entirely  enclosed 
ritbin  a  conducting  Rurfuce,  an  oppoHite  electrification 
I  prodncf^d  upon  tins  surface  precise!}*  equal  in  amount; 
ud  this  no  niatUn*  bow  distant  from  the  body  this  sar- 
may  be.  The  two  conducting  surfaces  may  there- 
ore  be  regarded  Himpl}'  as  the  boundaries  of  the 
nterrening  dielectric;  this  dielectric  being  oppositely 
lectriBed.  on  iU  inner  and  outer  faces.  The  term 
'fleld^  refers  to  the  space  behvoen  the  conducting  sur- 
es,  "  medium  ■*  to  the  subslance  occupying  this  space. 
The  term  "insnlating  medium'^  refers  to  the  j)roperty  of 
hetuinin*;  the  charge  possessed  by  the  medium,  and  the 
*?rui  **  dielectric  medium  "  to  its  property  of  transmitting 
d  action. 

ExPKUiMESTii.^ — To  rep**.it  Fratiklin'-s  experiment,  jirovide  a  bottle, 
laving  (liiii  lead-roil  uii  the  buttotn  aiul  iialf-wny  up  on  ilic  outside, 
d  coninining  wnler.  with  wliich  a  wiro  oonni^fs  through  Ibe  cork. 
Dharge  this  Ixittli*.  pUicv  it  on  glHss,  rcruovu  the  (.'ork  atul  wire,  and 
OQching  the  outside  with  one  Imiid,  britij^  n  thip^T  of  the  other  near 
litt  wntiT.     A  finiart  shook  will  be  felt.    Chnrjje  the  bottle  ji^Rin^ 
peraovH  tlie  cork  nud  wire  nnd  pour  the  WHter  into  a  seeund  lK>ttle. 
Ko  Lhap;;e  will   be  fotind  in  this  second  bottle,  sliowiiip;  that  the 
rieetnficuiioii   is  iiol   in  the  water.     Fill  up  the  tir»t  Ijoltle  with 
rUiaary  water  and  it  will  be  found  charged.     Ucnce  the  eleetrifica- 
an  exisU  uu  the  glass. 
The  following  methotls  of  exploring  an  electric  field  in  which  nir 
the  dielectric  are  due  to  Maxwell  : 
(I)  Place  a  gilt  pith  ball  hung  by  a  white  silk  thread  in  the  field, 
le  ball  if  positively  electriflt'd  will  move  from  thcsurfaoeof  higher 
oward  1  he  surface  uf  luwt-r  potential.     If  it  be  negatively  eleetritied, 
it  will  ni"Vt'  toward  the  surface  (if  highr'p  potential.     The  mi^chaiiical 
force  urging  it  i.^  tlie  pp^nluet  of  its  eharge  by  the  eleelromotivo  force 
pf  thrt  tli'lit  at  thi'  jKtint  its  center  occupies. 

^  (3)  Take  two  &iuall  dif^ks  of  Ihin  nietnl,  provided  with  in»ii1ating 
handler,  nnd  place  them  iu  eontnct,  witii  their  planes  per[)endieular 
o  Ihc  elect roaiotive  force  of  the  electric  tleld.  Then  separate  them, 
move  them,  and  tetft  their  electriHeation.  IVitli  wilt  Ix*  found 
iqually  eh«i*gwl,  the  one  toward  the  higher  potential  negatively,  the 
kClinr  pohitively:  thua  showing  a  truniit'ereticeuf  electrifieatiuu  within 
he  dielot  trie  ilself. 

(3)  Place  one  of  the  disks  with  its  aiirfnce  in  contact  with  that  of 

o  of  tbfl  couduclurfi  l>ounding  the  Held.     On  removing  it,  it  will 

^  fi.iind  1)1  be  charged,  the  charge  iRung  approximately  that  of  th" 
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portion  of  the  eloctrifie<l  surfAct*  oovered  by  it.  This  diak  ei»rrwpoini» 
tberfforu  to  Conlotub's  pco^jf-pltint* ;  and  ita  oh&rge  is  pn)f)onM»iit 
tu  ibo  vieotrio  tietieiily  nt  llie  puiiit  toaobod. 

(4)  Suspeiid  iu  au  uleoiric  Uvld  a  short  piece  of  fine  uotuin  or 
liurn  thread  by  means  uf  a  fiilk  libtrr.     ItA  two  ends  Xtt^n- 
puRitC'ly  flecti'ilird,  (he  ihwad  will  iihioo  iUelf  parallel  to  tht  . 
of  thr  ulei-tromolive  force  at  the  phicu  it  oceupies. 

<o>  Hung  in  the  flrld  two  metal  balU»  by  mefiua  of  silk  thraadfi, 
ami  place  a  fine  iniiul.-tted  wire  My  as  to  touch  them  lK>th,  Uavt- 
amiuing  tlie  balls  they  will  be  found  ("qually  and  oppositely  cliaixwl. 
and  since  by  the  eontact  of  the  wire  positive  elueirihcation  will  bix* 
been  irautsfcrred  from  the  one  of  higher  to  the  one  of  hjwrr  iMiteatiftl 
the  ball  at  ilie  former  point  will  be  charj^  ncgDti\*«ly  and  throrw 
Al  the  latter  [Kiint  positively  ;  the  charg(*s  being  i)ro|>ortionAl  tu  Ui» 
difference  of  potential  between  the  point*.  Evidently,  lherefoiv,if 
the  balls  sliould  be  found  nncharge«),  it  would  indicate  Miuply  tlttt 
they  had  boon  placed  in  positions  liavinju;  the  same  (lutenilul';  so  thai 
iu  thia  wjiy  the  equipotential  surfaces  in  the  region  uia.y  he  nuipftfii 
out. 

(6)  Or,  using  only  one  ball,  place  its  center  at  a  g^ivon  point  Iu  ih^ 
fioM,  and  touch  it  for  nn  instant  with  a  wire  connected  with  muib. 
It.s  charfifo  will  evidently  be  proportional  to  tlie  potential  at  Xht poUil ; 
although  if  the  potential  then?  Im  positive,  the  charge  will  be  nogAiitr. 

(7)  ConnecT  a  small  metal  ball  iH»rmanently  with  one  ideclrrwlcoi 
the  gold-leaf  electrrxseojw  by  nienns  of  a  fine  wire,  the  «lhrr#>liv:r«U 
being  connected  to  earth.  Plnce  the  hall  in  the  field  and  e«^)uiiert 
the  elecfrrxlos  togother  for  an  instant ;  thus  reducing  the  diffrnrioff 
of  potential  Ijetween  ihcm  to  zero.  Mi>ve  the  sphere  now  ibrougb 
the  field,  taking  care  that  the  gold  leaves  are  not  delle«tc«l.  11m 
path  of  the  bnll  will  lie  on  an  e<piipotonlial  surface. 

<8)  A  better  method  is  to  connect  the  electrificKi  system — a  Utjjf 
conductor  tif  irn*gulnr  form,  for  example— with  the  exploringsphnre, 
atid  after  having  plncrxl  this  sphere  at  a  given  jwint,  to  c*>nuect  tb<* 
electrodes  for  an  instant.  Tf  now  the  .sphere  beso  moved  in  thr»lS*jlil 
that  the  gold  leaves  are  undisturbed,  the  path  of  the  sphere  muAt  lir 
on  an  equipotential  surfac**. 

404.  Linen  and  Tiibf  s  of  Indiiijtion. — Thes©  expeti- 

meuts  cdeiirly  prove:  lat,  that  the  dielectric  is  tho  seM 
of  the  electric  action ;  2d,  that  it  is  traversed  br  ah 
electromotive  force  in  the  direction  in  which  the  potentitd 
varies  most  rapidly  ;  3d,  that  it  may  be  cut  by  planes 
perpendicular  at  all  points  to  this  direction  which,  since 
the  potential  is  constant  throughotit  their  ext<?nt,  are 
called  equipo\,e\^t\a\  >a\xvWtfe'A',  ft-wC^  WU,  iUat  a  transfer  of 
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lectrificatioa  maj  take  place  within  it,  positive  electri- 
ication  being  traiisferreil  from  a  ])oiiit  of  higher  to  one 
1  lower  potential  and  negative  electnticatiou  in  the 
verae  direction.  Since  the  Huoh  along  which  electromo- 
ve  force  acts  are  also  the  lines  along  which  induction 
akeH  place,  theue  lines  may  be  called  lines  of  induction. 
Ivery  such  line  begins  at  a  point  on  a  positively  elec- 
ritied  surface  and  terminates  at  a  corresponding  point 
n  a  negatively  electrified  surface.  Since  the  snrfuce  of 
electrified  conductor  is  an  equipotential  surface,  these 
uies  are  perpendicular  to  such  a  surface,  whether  they 
ssae  from  it  or  abut  upon  it  Consider  now  a  limited 
>ositive  area  of  such  a  surface,  and  from  each  point  of 
;he  line  which  hounds  it  conceive  a  line  of  induction  to  be 
drawn,  terminating,  as  it  must  do,  upon  the  correspond- 
g  point  of  the  corresponding  uegaCive  area  on  the  sur- 
■ace  of  some  other  body.  These  lines  taken  together  will 
orm  a  tube  of  induction,  the  two  ends  of  this  tube  rep- 
'esenting  electrifications  similar  in  quantity  although 
>ppoHite  in  sign.  Evidently  by  selecting  the  area  so  that 
iUi  electrification  is  unitj-,  the  tube  of  induction  will 
1)6  a  unit  tube;  and  the  electrification  of  any  surface 
ill  be  proportional  to  the  number  of  such  tubes  which 
issue  from  or  abut  upon  it.  In  the  same  way  the  induc- 
tion through  any  part  of  an  electric  field  may  be  repre- 
ented  by  the  number  of  unit  tubes  of  induction  which 
trarerse  a  surface  extended  through  this  part.  Moreover, 
the  field  is  traversed  by  oquiputt^ntial  surfaces  at  such 
distiinces  that  unit  of  work  is  done  in  carrying  unit  elec- 
trification from  one  such  surface  to  the  next.  Conse- 
quently these  surfaces  cut  the  tubes  of  induction  into 
tmit  cells.  If  the  potential  of  the  one  electrified  surface 
18  F,  and  that  of  the  other  V\,  then  there  are  F,  —  V\ 
equipotential  aurfacos  in  the  field.  So  that  if  q  repre- 
sent the  number  of  units  charge  on  one  surface,  there  will 
be  q  tubes  of  induction  and  q{l\  —  V^  cells.  But  as 
—  7  is  the  charge  on  the  second  surface,  we  maj*  also 
write  q  F,-f*  9  ^\  ^^^  ^^^  total  number  of  cells  in  the  field. 
Since  the  total  energy  of  the  system  is  4  2  ^q  ^\\^  lo\\<yw^ 
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that  the  number  o!  cells  is  twice  the  total  energy  coo- 
tained  in  the  electrified  system.  Hence  each  cell  is  tW 
portion  of  the  dielectric  iu  which  one  half  a  anitof  eDergj* 
is  stored  tip. 

405,  Electric  Tension. — In  the  second  experiment 
mentioned  in  (498),  the  two  disk^,  after  bein^  in  contact, 
tend  t*i  HrpJiruto  from  eat-h  other  and  to  a^tproaoli  the 
oppositelj  electnfied  surfaces  bounding  the  field.  Tb* 
mechanical  force  acting  upon  each  disk  is  projmrtional 
to  the  joint  product  of  thi*  elcctriticatioti  of  tlie  disk  and 
the  electromotive  force  of  the  field  ;  but  since  the  elec- 
trification on  the  disk  is  itself  ]iroporti(»nal  to  the  electro- 
motive force,  the  force  tending  to  se]>Hrute  the  disk^is 
proportional  not  only  to  the  area  of  the  disks,  but  also  to 
the  square  of  the  electromotive  forcr  iu  the  fiehl.  Tliis 
result  is  accounted  for  bj  supposing  that  at  evert'  pdint 
of  the  ilielectric  where  there  is  electromi>tive  force, 
a  tension  exists  like  that  of  a  stretched  elnstic  conl 
acting  iu  the  direction  of  the  electromotive  force  and 
proportional  to  the  square  of  this  electromotive  fortN^ 
To  this  force,  thus  :u-tlug  within  the  dielectric  mass,  the 
name  electric  tension  is  given.  It  represents  a  tension  of 
so  many  dynes  per  square  centimeter  exerted  by  the 
dielectric  medium  in  the  direction  of  the  electromotit© 
force.  This  condition  of  stress  iu  the  dielectric  mediam 
Faraday  fully  rec(»gnized.  He  not  only  endowei!  his 
lines  of  fi)rce  with  elasticity,  capable  of  shortening  wbeu 
stretched,  but  he  supposed  them  self-repulaive,  tbTi» 
producing  a  pressure  in  the  field  perpendicular  to  the 
lines  of  force. 

4U«.  Dielectric  Cofist4int. — TVe  owe  io  Cavendish 
(1771-81)  the  discovery  of  the  fact  that  the  amount  of 
inductive  effect  which  takes  place  through  ii  dielcctrir 
18  different  for  different  dielectrics  and  is  therefore  * 
function  of  the  dielectric  medium  itself.  It  follows,  con- 
sequently, that  the  capacity  of  h  condenser  depends  not 
only  upon  its  form  and  size,  but  alno  upon  the  meilium 
intervening  between  its  ]dai«s.  Hitherto  we  have  as- 
sumed air  as  t\ie  A\e\e.elv\c  ^,\w\tloyed;  but  if  wt*  make 
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use  of  other  dielectricH  in  a  condenser,  such  as  glass, 
ebonite,  shellac,  sulphur,  paraffin,  etc.,  we  shall  notice 
an  increase  in  the  capacity  of  the  comleuser  produeeil 
tLereb}'.  The  ratio  of  the  capacity  of  a  condenser  having 
any  given  substance  as  its  dielectric  to  the  capacity  of  a 
second  and  similar  coudeuser  having  air  as  its  ilielec- 
trie,  was  called  by  Faraday  the  specific  inductive  capacity 
of  the  given  substance ;  and  by  Maxwell  the  dielectric 
constant.  If  both  condensers  are  electrified  from  the 
banie  source,  they  will  both  bo  eiectrilied  to  the  same 
potential,  and  therefore  the  charges  which  they  will 
receive  will  be  directly  proportional  to  their  capacities. 
Hence  by  determining  the  ratio  of  the  charges,  that  of 
their  capacities  is  ascertained. 

Cavendish  measured  tlie  capacities  of  various  con- 
densers by  comparison  witli  certain  other  standard 
condensers,  called  by  him  trial-plates.  The  capacities 
of  these  trial -plates  were  themselves  determined  in 
absolute  measure  by  comparison  with  that  of  a  globe 
31*25  cm.  in  diameter  suspended  in  tlie  middle  of  his 
laboratory.  One  of  tlie  coatings  of  a  trial-plate  and  cme 
coating  of  the  condenser  to  be  compared  were  connected 
with  the  knob  of  a  positively  charged  Leyden  jar,  the 
otlier  coatings  being  connected  to  earth.  After  charging 
for  two  seconds,  the  upper  coating  of  the  triidplnte  was 
connected  to  earth,  while  the  lower  coating  was  con- 
nected by  a  wire  with  the  upper  coating  of  the  condenser; 
thus  reversing  them  with  reference  to  each  other.  If 
their  cliarges  were  equal,  both  were  completely  dis- 
charged ;  and  the  pith-ball  electroscope  attached  t^>  the 
connecting  wire  showed  no  divergence.  If  the  chaige 
was  greater  on  the  condenser,  the  pith  balls  were  posi- 
tively electrified  ;  if  smaller,  negatively.  Another  triul- 
phite  was  then  selected  and  the  experiment  repeated, 
until  two  plates  were  found,  one  of  a  little  less  capacity, 
tlie  other  of  a  little  greater  cajmcity,  than  the  condenser; 
the  mean  of  these  capacities  being  taken  as  the  true 
opacity. 
Faraday  (.1837)  used  two  exactly  aimilar  spherical 
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oondensera  placed  conceutricallj,  the  interior  sphere 
being  5*8  cm.  iu  diameter  &ud  the  outer  sphere  9  cm,; 
thus  leaving  1-6  cm.  between  them.  The  inner  spliere 
was  attached  by  a  stem  of  Hhellac  to  the  (inter  noe, 
which  was  divided  at  its  equator.  One  of  these  con- 
densers was  filled  with  air,  the  other  with  the  muteriAl 
to  be  examined.  The  ontsides  of  both  wf^re  conuect^l 
to  earth,  one  nf  them  was  charged,  its  potential  meai*- 
ured,  its  interior  connected  with  that  of  the  other,  aud 
its  potential  again  measured.  If  the  capacities  of  tie 
two  are  equal,  the  charge  will  be  equally  divided  betweeji 
the  two  condensers  and  the  potential  will  fall  to  one  liulf 
its  value.  If  they  are  not  equal,  the  charge  will  divide 
between  them  in  the  direct  ratio  of  their  capacities;  so 
ihat  if  the  seooud  condenser  has  tlie  greater  capacity,  it 
will  tiike  more  than  half  the  charge  and  the  potentiiJ 
of  the  first  will  fall  to  less  than  half  its  initial  value.  If 
its  capacity  is  less,  the  potential  Mill  be  greater  tbao 
befoi*e.  Galling  (7  the  capacity  of  the  first  ctmdenser, 
Kits  potential,  and  Q  its  charge,  we  have  ^—  VC  After 
connecting  it  with  the  second  condenser,  whose  capadtj 
we  may  call  CK^  its  potential  falls  to  V  and  we  hare 
Q=V'C+  V'CK,  Hence  VC  =  rC+  V'CK  or  F= 
V'il  +  K)  and  K  =  (V  -  V')/V\  in  which  JT  is  the 
specific   inductive    capacity  of    the    dielectric    in    the 

second  condenser.  The  cnpuritT 
of  a  conilenser  containing  « 
dielectric  whose  constant  is  A'  it» 
KS/lne. 

Eii»BniiiE.NT.— Provido  a  gold-leaf 
electroscope  E  having  \i&  leaves  a.  & 
aap|>ort04l  on  separate  pods  jind  iiwi- 
lated  from  each  other  (Fig.  S45).  To 
these  two  IcAVPs  connect  the  iiisuUled 
nielul  platcH  .1  ami  B.  To  thfi  pUie  C 
midway  lwlw»?en  (hom.  coniinunicjtti^  * 
positive  charge.  Connect  A  atid  ^  to 
earth  for  an  instaut,  and  ttitui  insulil* 
them  ;  they  will  both  be  eqnally  iieg*- 
tivcnnd  the  gold  leaves  will  remain  vertical.  If  A  bo  moved  towApl 
C,  the. gold  ieavea  ^\V\  mcsvftXT^-^a.t^isafcV  cvK^r./i  biMug  poftiriv  nh,l 
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b  neifiitive.  If  now,  with  the  platos  as  nt  first,  a  dielectric  plate  bo 
intnjtluctHi  between  A  and  Cy  the  gold  leuven  will  again  attract  each 
other,  and  on  testing  them,  a  will  be  found  positive  and  6  nt/^tive 
HA  before.  Evidently,  therefore,  the  effect  of  intrcMhrcing  a  dielec- 
tric pUte  is  to  increase  the  induction,  whcuever  the  six^citic  inductive 
capacity  of  the  pUbtu  is  greater  than  that  of  air. 

TABLE   OF  DIELECTRIC   CONSTANTS. 

Substance.  ^*^^^^'  *°  Obfierver. 

const  uut. 

Beeswax 3*67  Gavcudish 

Shellac 200  Faraday 

Besiu 2'48  Boltzmaiin 

Paraffin 1'96  Wullner 

Flint  glass,  extra  deuse  10*10  HupkiiiHon 

Sulphur 2*58  Gordou 

Ebonite 2*284 

Carbon  disulphide ISl 

Turpentine 2'15  Silow 

Hydrogen 0099674  Boltzmann 

Carbon  dioxide 10(X)H56 

"  "        1*0008  Ayrtou  and  PeiTj 

407.  Polarization  of  the  Uielectrle. — "Induction," 
says  Faraday,  "  appears  to  be  essentially  an  action 
of  contiguous  particles  through  the  intermediation  of 
which  the  electric  force,  ori^^inatiug  or  appearing  at  a 
certain  place,  Ih  propagated  to  or  sustained  at  a  dis- 
tance, appearing  there  aH  a  force  of  the  same  kind, 
exactly  equal  in  amount  but  opposite  in  its  direction  and 
tendencies."  And  again  :  **  Induction  appears  to  consist 
in  a  certain  polarized  state  of  the  particles^  into  which 
they  are  thrown  by  the  electrified  body  sustaining  the  ac- 
tion, the  particles  assuniiug  positive  and  negative  points 
or  parts  which  are  symmetrically  arranged  witli  respect 
to  each  other  and  the  inducing  surfaces  or  particles.** 
In  proof  of  this  polarizatimi  of  the  particles  of  the 
dielectric.  Faraday  placed  (ilameuts  of  silk  2  or  3  mm, 
long  in  turpentine  contained  in  u  rectangular  glu.ss  ves- 
sel provided  with  two  pointed  metal  rods,  entering  the 
opposite  ends  of  the  vessel  horizontally.     On  connecting 
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one  of  these  rods  with  a  source  of  electrification  and  the 
other  to  earth,  the  silk  tilaineuts  were  seen  to  arMugr 
themselveB  parallel  to  the  Hue  joluiug  the  points  abvI  lu 
jfcggregate  together  there,  fonning  a  luaMs  of  consiilernble 
tenacity.  He  sa3-3 :  "  The  particles  of  hilk,  th»^refore, 
repre&eut  to  me  the  comlition  of  the  molecules  of  the  di- 
electric  ituelf,  which  I  a^Hume  to  be  polar  just  as  that  <*f 
the  ailk  is."  Mutteucci  establitthed  the  fact  that  the  ili- 
electric  is  polarized  throughout,  by  forming  a  condwiiit^r 
out  of  a  number  of  thin  plates  of  mica  pressed  lietweeo 
two  plated  of  metal  i^Fig.  246).    After  charging  the  uoo- 
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denser  and  iusalating  it,  the  metal  plates  were  remoi 
and  the  niicu  plates  examined.  Euchoue  of  these  ph 
was  fDUud  polarized  in  the  direction  of  the  eleetromol 
force  applied,  the  face  which  was  turned  toward 
positive  metal  plate  being  positively  and  that  which  was 
turned  toward  the  negative  plate  being  negatively  el 
trified. 

41>8.  KIcctrIc  Olsplacemeiit. — Mathematical  inveflti- 
gatiou  led  Maxwell  to  the  same  conclusion  which  Fara- 
day had  reached  experimentally.  "At  every  point 
the  medium,"  he  says,  "there  is  a  state  of  stress 
that  there  is  teusiou  aloup  the  lines  of  force  an<l  press* 
ure  iu  all  directions  at  riglit  angles  to  these  Hues,  the 
numerical  magnitude  of  the  pressure  being  equal  to  that 
of  the  tension  and  both  varying  as  tlip  s(|uaro  of  the 
resultant  force  at  the  point."  It  was  to  account  f«n'  the 
phenomena  thus  exhibited  by  dielectrics  that  Maxwell 
proposed  his  theory  of  electric  displacement.  Thiis 
theory  supposes  that  when  an  electromotive  fo 
on  a  dielectric,  as  is  the  caae  when  a  medium 
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mitted  to  inductioD,  it  causes  electricity  to  be  displaced 
within  this  luedium  in  its  own  direction,  the  amount  of 
the  displacement  being  proportional  to  the  electromotive 
force  but  depending  also  upon  the  nature  of  the  dielec- 
tric. The  ratio  of  the  displacoraent  in  an}'  tlielectric 
to  the  displacement  in  a  vacuum  due  to  the  same  elec- 
tromotive force  is  the  dielectric  constant.  Since  the 
displacement  through  any  surface  is  the  quantity  of 
electricity  which  traverses  it,  the  displacement  through 
unit  of  surface  into  a  vacuum,  if  the  quantity  of  elec- 
tricity traversing  it  be  <t,  will  be  Fj-^Tt ;  und  into  a 
medium  whose  dielectric  coustaiit  is  K^  the  displacement 
will  be  KF/^n,  Moreover,  to  produce  electric  displace- 
ment Lu  a  dielectric,  an  amouut  of  work  must  be  ex- 
pended equal  to  the  product  of  half  the  electromotive 
force  into  the  dis{)]acemeut ;  i.e.,  KF/^n  x  F/%  or 
KF*/%7t\  and  this  work,  which  is  stored  up  within  unit 
Tolume  of  the  dielectric  an<l  is  the  source  of  the  energy 
of   the   electrified   system,  represents   numerically   the 

Ine  of  the  electrostatic  tension  and  pressure  at  every 

lint  in  it. 
In  a  conductor,  electrical  displacement  takes  place 
without  opposition.  But  in  an  insulator,  acting  as  a  di- 
electric, electric  displacement  calls  into  action  an  inter- 
nal electromotive  force  acting  in  a  lUrection  opposite  to 
that  of  the  disjilacement,  which  Maxwell  by  analogy  has 
called  the  electric  elasticity  of  the  medium.  Applying  the 
t^rm  coeiHcieut  of  electric  elasticity  to  the  ratio  of  the 
electromotive  force  divided  by  the  displacement  pro- 
duced by  it,  this  coeiHcieut  is  F/{KF/^n)  or  An/K; 
from  which  it  ap[>ears  tlnit  the  dielectric  constant  of  any 
insulating  medium  is  inversely  projiortiona!  to  its  coeffi- 
cient of  electrical  elasticity.  On  charging  a  condenser, 
a  displacement  of  electricity  takes  place  from  the  posi- 
tive to  the  negative  coating,  due  to  the  acting  electro- 
motive force.  On  discharging  it,  the  internal  counter- 
electromotive  force,  called  the  electrical  elasticity  of 
the  medium,  reverses  the  action  and  eH'ects  an  equal 
displacement  in  the  inverse  direction.     Moreover,  the 
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uhargea  on  the  coatiDgs,  which  are  simply  the  cLarges 
ou  the  correa[K>ndiug  surfaceii  of  tbo  ilieleetric  in  cou- 
tui't  with  theuj,  corretipuuil  to  the  qiinutiij  of  the  elec- 
tricity displaced ;  so  that  if  any  chauge  takes  pljio'  iu 
the  charge,  a  eorrespoudiug  cliaugi*  Uike8  place  in  the 
displuoemeut.  WLeuever,  therefore,  a  i|uuutity  of  elec- 
tricity ia  trausferred  fioiu  oue  coating  tu  tlip  otLpr 
through  a  couductitig  wire  conuectin^  them,  an  equ*! 
quantity  crosses  every  isectioii  of  the  dielectric  fn»m  th^- 
second  coating  to  the  tiriit.  We  may  regard  the  dielec- 
tric and  the  wire,  therefore,  as  forming  a  closed  cir- 
cuit  through  which  a  current  paKRes  whenever  cleoirir 
changes  are  taking  place  in  the  system. 

The  polariziitiou  of  the  medium  is  a  uuceasary  result 
of  electric  displacement  Since  througlumt  a  tube  o{  ia- 
ductiou  the  displacement  is  constant,  the  same  quantitr 
of  electricity  crossing  every  normal  sectiou,  and  since 
this  displacement  is  from  the  conductor  toward  the  di- 
electric at  oup  end  of  the  tube  and  toward  the  conductiir 
from  the  dielectric  at  the  other,  the  density  at  the  finst- 
meutioued  end  will  be  (X  and  that  at  the  other  ~  er,  and 
the  first  will  he  charged  positively,  the  latter  negatively. 
Within  the  tube  itself  there  will  be  no  appa.rent  electri- 
fication ;  since  tlie  positive  electrification  oii  nue  aide  nf 
any  assumed  normal  plane  is  neutralized  by  the  negative 
electrification  on  the  other  side.  But  if  this  plane  be 
made  a  terminal  plane,  its  electrification  becomes  At 
once  apparent,  showing  that  the  dielectric  is  polarized 
throughout.  "Hence,"  says  Maxwell,  **all  electriiicik 
tion  is  the  residual  effect  of  the  polarization  of  the  di- 
electric." 

4»0.  Nature  of  EI<»ctricUy.— Although  the  idea  timt 
electricity  ia  an  incompressible  fluid  Is  found  in  tlie 
writings  of  Cavendish,  yet  it  was  not  until  Maxwell 
investigated  the  subject  that  this  idea  became  a  part  of 
current  scientific  belief.  We  have  Been  ^at  when  anT 
conductor  is  positively  electrified,  a  definite  quantity  of 
electricity'  is  squeezed  into  the  surrounding  diele(^tric, 
causing  a  similar  transfer  of  electricity  across  every  liur- 
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face  drawii  in  the  dielectric  so  as  to  surround  the  cou- 
dnctor,  the  displacoment  contiiiuiug  uutil  some  external 
conductor  is  readied  through  which  the  circuit  is  com- 
pleted. The  dielectric  is  the  only  portion  of  the  Hystem 
really  affected  by  the  ^^harge,  and  it  is  in  this  dielectric 
that  the  whole  ener^'y  \A  tbe  charged  bod3'^  resides.  But 
this  squeezing  of  n  quiiutity  of  electricity  iuto  a  dielectric 
does  net  irnpl^-  a  coudensHtion  of  the  electricity,  but  a 
Htruiu  in  the  dielectric  ou  account  of  the  displacement  of 
the  electricity  which  cannot  move  without  distorting  the 
cells  of  which  tbe  dielectric  is  conceived  to  bo  inadt^  up. 
This  fact  that  electricity  always  and  under  all  circutu- 
stauces  flows  in  a  closed  circuit,  the  same  quantity  cross- 
ing every  section  of  that  circuit  so  that  it  is  not  possible 
to  exhaust  it  from  one  region  of  sjiacc  and  condense  it  in 
another,  is  capable  of  proof  in  many  ways,  but  especially 
by  what  is  knoun  as  the  famous  Cavendish  experiineut 
(491)  as  re{>eat4*d  by  Maxwell.  "  When  we  thus  linti  that 
it  is  impossible  to  charge  a  body  absolutely'  with  elec- 
tricity, that  tltongh  you  can  move  it  from  place  to  place 
it  always  and  instantly  refills  tiie  body  from  whiih  you 
take  it  so  that  no  portion  of  space  can  be  more  or  less 
filled  with  it  than  it  already  is,  that  it  is  impossible  by 
any  rise  of  p^itential  to  squeeze  a  trace  of  electricity  into 
the  interior  of  a  cavity,  and  that  if  a  charge  be  introduced 
a  precisely  equal  quantity  at  once  passes  tlu'ough  the 
walls  t4.i  the  outside;  it  is  natural  to  express  the  phe- 
Domenon  hy  saying  that  electricity  behaves  itself  like  a 
perfectly  incompressible  substance  or  tluid  of  which  all 
space  is  completely  full."     (LodgR.) 

If  it  be  granted  that  electricity  is  such  an  incompres- 
sible medium  diffused  in  space,  the  suggestion  at  once 
occurs,  is  it  not  identical  witli  the  retlier  the  periodic 
disturbances  in  which  we  have  shown  to  be  identical 
with  radiation?  Maxwell  wrote  *n  18(»2  :  "Acciirdiug 
to  our  theory,  the  particles  which  form  the  partitions 
between  the  cells  constitute  the  matter  of  electricity. 
The  motion  of  these  particles  constitutes  an  electric  cur- 
rent ;  the  tangential  force  with  which  the  particles  are 


pressed  bj  the  uiuttoi*  uf  tlie  cells  is  electrotaotive  force, 
And  the  pressure  of  the  ]inrticles  on  each  other  corr^ 
sponds  to  the  tensum  ur  potential  nf  the  electrioiU." 
A^sumiug  tliiit  Luiluctk>u  may  l>e  truiisiiiitted  by  an  abso- 
lute vacuuru,  thin  may  l->e  regarded  aw  equivjUent  to  tlii? 
opiiiinii  tljHt  a  certain  fraction  uf  the  mutter  called  a-dier 
is  tlio  mutter  called  electricity.  Iv^dge  offerH  a  prun- 
sioual  hypothesis  that  the  sether  cousidts  **  uf  electricitv 
in  a  sUile  of  eiitaugleuient  siiiiilar  t<i  that  of  water  in  a 
jelly.'*  But  suhsecjueutly  he  says:  "We  now*  proceed  a 
step  farther  and  aualyze  the  u*ther  into  two  coustitueut^ 
— two  equal  opposite  coustitneuts — enoh  endowed  witL 
inertia  aud  each  connected  to  the  other  by  elastic  ties, 
ties  which  the  jiresenco  of  gross  matter  in  j<enerul  weak- 
eus  aud  in  sonic  cases  dissolves.  The  two  c-onstitueuU 
are  called  positive  and  negative  electricity  respectively, 
aud  of  thfjse  two  electricities  we  iiuji^ine  the  mther  to  lir* 
<*oiup<?sed,"  This,  we  believe,  is  the  hif^-sl  opiniou  oii 
the  subject. 


Section  IV. — Electrostatic  IjisTKCKENTs. 


A.— HIGH  POTENTIAL  GENERATORS, 

(a)  Friction  MachinfiH, 

500.    The  Electrical  Mnclilne. — For  pro<luciDg 
tinuous  electriticutiou  Otto  von  Guericke  (1*>71}  used 
globe  of  sulphur  mounted  on  an  axis  aud  rubbed  with 
the  hand.    Hawlcabee  (1709)  mounted  a  globe  of  -' 
the  same  way  and  used  it  similarly.     Franklin  (174  7 
emploj'ed  a  glass  globe,  but  seems  t<j  have  preferred 
producing  electrification,  tubes  of  green  glass  70  tc 
centimeters  long  and  as  large  us  could  be  convenieutl 
grasped  ;  tliese  tubes  being  rubbed  with  buckskin 
kept  ])erfectly  clean.      The   mo<lern   so-called    fri 
inacliine   is   an    uggregatioTi    of   devices   by  various 
perimeuters.     Bose  (1742)  added  to  the  revolving  gla^ 
globe  a  met^il  collector,  ha>ing  a  bundle  of  linen  threads 
on  the  end  tovfaid  lV\e.  vi\ot»ei.    Winkler  (1744)  wdded  ft 
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leather  cushion  for  a  rubber.  Canton  (1763)  spread  on 
ihe  rubber  an  uraalgain  of  mercury  and  tin.  Wilson 
(1752)  replaced  the  ghibe  by  a  cylinder  and  furnished  the 
collector  with  ]»oiutH,  And  Ramsden  il7()0)  8uhstitiit*>d 
a  glass  plate  for  the  cylinder.  One  of  the  most  effective 
machiueH  of  this  type  is  that  of  Winter  (ISoO)  shown  in 
Figure  247.     The  circular  glass  plate,  which  is  made  tt> 


revolve  by  means  of  a  crank,  18  rubbed  hy  the  pair  of 
cushions  seen  on  the  h'ft  which  are  attached  to  an  insu- 
lated metal  liall.  Being  thus  e]ectritie<l,  the  plate  moves 
over  toward  the  insulated  spherical  collector  upon  the 
rif^ht,  passing  between  two  rings  fast^n^^d  to  the  sphere 
and  studilcil  with  points  on  their  inner  surfai'es.  By  the 
ooutact  of  the  rubber  and  the  ghins,  the  glass  becomes 
positively  and  the  rnbl»er  negatively  electrifieil.  By 
means  of  a  silk  llap  wliich  extends  np  fmrn  the  rubber, 
the  positive  electrification  is  retjiined  on  the  glass  until 
it  reaches  the  p<iints  on  tlie  collector.  There  it  induces 
negative  electiitieation   upon  these  points;  but  as  the 
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flenaity  is  tlierd  so  great,  the  negative  elevtrificAtioii 
<}}^Tiip08  to  tlie  plate  and  neatraUxes  it«  positive  electii- 
ticntiou  ;  tlin»$  niakiug  the  plnte  neutral  an<l  lea^' 
collector  positively  charged.  As  this  ojierntion  c*'i  - 
the  o))poKite  charges  on  the  rubbing  and  the  coUecting 
flpherea  increase  nntil  thev  raise  the  potential  ■  '  " 
spheres  to  the  point  of  discharge.  S]mrks  and  1 
fly  off  from  the  spheres,  mainly  acrosn  the  plate  from 
oue  to  the  other,  and  the  machine  has  reached  its  maii- 
mum  diftoreuce  t)f  potential.  By  connecting  tbe  left- 
baud  sphere  with  earth,  its  |>otential  becomes  zero  and 
that  uf  the  right-hand  or  collecting  sphere  riseit  propor* 
tionally.  If  the  right-hand  sphere  be  grounded,  tlie 
left-hand  sphere  falls  proportionally  in  potential ;  thii 
diftorence  between  the  two  being  always  constant  The 
largest  machine  of  this  class  was  made  by  Ritchie  id 
1858.  It  had  two  plates  of  glass  1*8  meters  in  diamet^c. 
A  similar  machine  constructed  by  Cuthbertson  for  too 
Marum  was  furnished  with  two  plates  1-435  meters  in 
diameter.  It  gave  tliree  hundre<I  sparks  61  centirnet«n 
long  per  minute,  and  the  brush  discharge  was  in  tlie 
form  of  an  aigrette  38  centimeters  in  diameter* 

{h)  Indiiction  Machines. 
501.    The  Electrophonis. — The  more  modern  mv 
chines  produce  a  high  potential  by  means  of  indartimi. 

Of  these  the  earliest,  as  it  is 
the  simplest,  is  the  electropli- 
orus  of  Volti  (1775k  It 
consists  (Fig.  248)  of  a  disk 
B  usually  of  resin  or  ebonite, 
upon  which  rests  a  somewhat 
smaller  circular  phite  of  metal 
A  furuished  with  an  insulating 
handle.  Having  electrified  Uie 
tlisk  by  rubbing  it  with  cat's 
fur,  place  the  metal  plate  npt>ii 
it  by  means  of  its  insulating  handle.     Th*  '  ^  elec- 

trification oll\ve  dvH\L\uv\.\Lc^.ft-^c>s»\V\N%ft\Ac:v  I]  npon 
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the  lower  ^arface  of  the  metal  plate  and  negative  elec- 
triiioatiou  on  the  upper  surface,  Ou  approaching  the 
fiii{^er  to  the  plate,  a  negative  spark  pusses,  and  all  elec- 
trification dinappears.  To  raise  the  plate  from  the  disk, 
however,  work  niuat  be  done  upon  it,  since  the  attraction 
of  the  two  for  each  other  must  he  overcome;  and  this 
work  increases  constantly  the  elective  potential  energy 
of  the  systeut ;  i.e.^  the  potential  of  the  plate.  Ho  that, 
when  raised  only  a  sliort  distaut^e  fiuni  the  disk,  a  strong 
upark  may  be  taken  from  the  plate.  Since  the  disk  loses 
uone  of  its  electriricutiou  in  the  process,  the  operation 
may  be  repeated  iiideHtiitel>.  To  avoid  the  necessity  of 
touching  the  plate  with  the  finger  at  eveiy  charge,  a  strip 
of  tinfoil  may  be  laid  across  the  disk,  or  a  metallic  pin 
luay  be  passed  through  it,  its  upper  end  flush  with  the 
surface,  both  tinfoil  and  pin  being  connected  to  earth. 

002,  Coutiiiuous  Klectropbori. — Naturally,  as  the 
operation  of  charging  by  means  of  the  electrophorus  is 
intermittent,  attempts  were  early  made  to  produce  cou- 
tinnoas  electrophori.  But  the  charge  of  the  disk  gradu- 
ally diminishes  and  must  be  renewed  from  time  to  time. 
To  avoid  this  necessity  Bennet  (1787)  contrived  his 
"doubler,"  which  consisted  of  three  metallic  ]>late8,  yl, 
5,  and  C  (Fig.  249).     The  first,  A,  is  varnished  only  im 
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its  upper  surface  ;  the  second,  H^  which  is  provided  with 
an  insulating  handle,  is  varnished  on  both  surfaces;  and 
the  third,  Cy  is  varnis!i*>d  only  on  the  under  surface.  If 
imall  charge  be  given  to  A,  the  plate  B  laid  upon  it 
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nnd  touched,  B  becomes  electrified  oppositely  by  mdur- 
tiou.  If  B  be  tlit?u  lifted,  the  plate  C  pbtced  ou  B  and 
toucht'd,  C  i&  electrified  by  iudiictiou  oppositely  to  /flmt 
winiihirly  to  J.  The  plate  Cis  then  pbioed  beneath  an-l 
in  ct>utiict  with  -I,  and  B  in  |)hiced  upou  it  and  toucW. 
Under  the  iuilaence  of  a  double  inducing  charge,  thut  uq 
.1  plus  that  tni  C\  a  doable  chai*^e  is  induced  on  /?;  aD<i 
by  placin*;  C  again  on  Bt  after  its  removal  from  A,  and 
touching  it,  a  doubled  chjU'ge  will  appear  cm  C  Bj  & 
re|>etitiou  of  thene  operntious  the  charge  on  A  may  be 
indetinitoly  multiplied. 

A  year  later  (1788)  NichoUou  contrived  a  revolviDp 
donbler,  coumstin^  of  two  iuKulated  and  vertical  fixed 
lield-jdates  y/  and  t' and  a  third  and  movable  plati*  ^ 
revolving  at  the  end  of  an  insulating  arm  attached  to  hh 
axis.  Contacts  were  so  arritugeil  that  when  B  was  op- 
posite the  field-plate  ^Jt  was  grounded  and  at  the  same 
time  J  and  C  were  put  in  communication  with  each 
other;  wliile  when  B  was  opposite  the  field*plat«  C,  € 
was  grounded.  If  Jt  be  slightly  electrified  and  B  ht 
brought  oi»poHite  it,  B  will  be  electrified  oppositely  by 
induction,  and  on  revolving  it  180%  will  come  oppo63^ 
Cand  induce  in  it  the  electrification  given  Ut  A,  TN'hea 
B  comes  opposite  to  ^  a  second  time,  ^1  and  C  being  in 
communication,  a  double  inducing  charge  exists  on  A 
and  a  double  charge  will  be  induced  on  li  ;  wliich  will 
result,  when  B  is  brought  again  opposite  to  C,  in  indae- 
ing  a  double  charge  ou  C\  Thus  the  potential  on  C,  and 
that  on  ^4  also,  which  is  in  contact  with  C  once  even 
revolution,  continually  rises  until  at  last  sparks  pass 
between  A  and  B  whenever  it  comes  opposite  to  it 
This  action  is  clearly  tlie  same  as  that  of  the  donbler  of 
Bennet. 


ExPKRiMRNTB.  —  OonBtruct  the  rwjiprocal-inflaencfl  machini*  of 
Belli  ilM3l)  as  follows  ^Fir.  250):  Be»id  up  into  a  u  form  two  Tfct- 
anarulnr  pieces  of  tin.  ftbont  10  by  18  «ontitnorei-s,  In  serve  as  Hut 
Hf'lrl-ptalvs.  AtlHcU  two  diskit  of  tin  »lx>ut  &  oentimelers  in  diam* 
oter  to  Hit  ends  of  a  glass  tutw  20  centimeters  long  nnd  cooiwct 
tbifl  Lube  til  its  middle  v>^iut  with  a  t^lass  or  motal  rod  perpendieular 
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to  its  length,  to  form  mi  axis.  Monnt  it  on  m  b*mring  attached  to  a 
\)9^»o  aiifj  fix  to  it  u  crank.  Attach  to  the  tlrlil-plutes  ghisa  tubt'S  to 
i«<rT(r  »&  ftiijiports.  l!if  sides  iK^itig  vertical.  Insert  (he  eiuls  of  these 
tulx^  into  holes  in  the  twse,  at  such  disijinre  apart  ihat  The  disks 
as  they  revolve  umy  phsu  through  the  t)[)acL<  enclosed  in  tU«  Held- 
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plutC'fl  without  tonchinK  them.  By  means  of  a  ro<l  inserte<l  in  the 
tjHse  gupi>ort.  A  wire  so  carved  that  its  ends  simultaneously  touoh 
the  disks  when  they  arc  midway  within  the  field-plates;  and  attuoh 
A  small  spring  to  each  of  the  lleld-plates«  near  the  top  of  one  aod 
the  bottom  of  the  other,  so  that  they  shall  mako  contact  with  the 
disks  just  A3  tbey  are  entering  the  tield-phite  spjice.  Commnnioato 
a  feeble  positive  charge  to  one  of  the  field-plMtes,  and  rotate  the 
disk*.  Observe  that  the  disk  within  this  charge*!  fleld-plale  becomes 
eleotriflod  by  induction  and  that  its  positive  charge  parses  off 
througli  the  curve<l  wire,  leaving  it  nojjfative.  It  then  pa^M^s  to  the 
other  tii>Id-plaU%  and  touching  itH  spring,  communicates  to  it  it/;  nega- 
tive charge,  passing  out  from  this  tleld-plate  positively  charged  and 
electrifying  the  first  tield-plate  p<'>siiively  as  it  again  enters  it.  Ah  tbe 
other  disk  acts  similarly,  tbe  two  being  oppositely  electrified  by 
hidaciion  from  the  opijositely  electrified  field-plates,  the  process  la 
oantinuouH  aod  reciprocal*  and  continues  until  the  differeuee  of 
|)Otrntial  between  the  fieM-plat*^  is  a  maximum.  Vnrb-y's  machine 
(1860).  while  similar  in  principle,  is  of  a  much  more  advanced  tyjie. 
it  hiu»  a  revolving  glass  disk  (Fig.  351)  carrying  six  sectors,  pASftiois 
between  two  pairs  of  fiold-plaii.>s. 
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503,  Holtz  ItifliieiK^.*  Maoliiiii-.— Holtz  of  Bi*rUti 
(1864),  however,  first  brought  the  iuiiueuce  uiaokiue  Lutij 
prominence  by  the  many  and  important  devices  with 
which   he   provided   it.    The  Holtz  machine  (Fig,  2oii 
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ooDfiists  of  a  rotating  thin  glass  plate  placed  Verticallr, 
close  to  and  in  front  of  a  fixed  thin  glass  plate  of  sliglitlv 
larger  size,  through  which  are  two  sector-shaped  open- 
ings or  windows  at  opposite  ends  of  a  diameter.  The 
field-plates,  which  are  sector-shaped,  are  made  of  rar- 
ziished  paper  and  are  attached  to  tlie  rear  surface  of  the 
fixed  glass  plate,  coveiing  an  arc  of  90"  or  uior*>.  Due 
edge  of  each  sector  is  close  to  a  window,  nnd  lia-s  a 
poiuted  paper  tongue  projecting  into  the  opening.  Two 
pair^i  of  metallic  combs  or  sets  of  points  face  the  rotntinp 
plate.  One  pair  is  at  the  ends  of  a  metallic  rod  placed 
diagonally  with  its  axis  parallel  to  the  upper  edge  of  one 
of  the  paper  sectors  and  the  lower  edge  of  the  other. 
This  rod  with  its  combs  actjs  as  a  ueutrali;siug  circ 
and  maintains  the  charge  of  the  field-plates  when 
discharging  circuit  is  open.  The  otiier  jtair  of  coi 
constitute  the  discharging  circuit.  They  are  placed 
horizontally,  are  carried  on  insulating  supports,  and 
connected  with  knobs  through  which  slide  electn 
provided  with  ebonite  handles.  The  movable  plata] 
rotated  by  means  of  a  multiplying  wheel. 

To  put  U\e  iufti.'\\\\Ao  ^A\  ^'o.tvou,  an  electrified 
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sach  for  exnmplo  as  an  excited  atrip  of  ebouite,  ia  placed 
in  contact  with  oue  of  the  tiold-plateH  and  the  movable 
diuk  is  ri>t]ited  from  five  to  ton  tinjcs  a  second  in  a 
direction  opposite  to  that  iu  wlucli  tbe  tuugues  ni  paper 
point  The  two  field-platen,  as  well  as  the  two  sides  of 
the  discharging  circuit,  become  oppositely  electrified, 
the  work  required  to  keep  up  the  motion  iucreaseH,  the 
elet^tritieatioLs  rapidly  rise  to  a  njaxiraam  and  on  sepa- 
rating the  electrodes  discharges  in  the  form  of  sparks 
and  brushes  take  place  betwoou  tliem.  By  the  addition 
of  a  Leyden  jar  on  each  side  of  the  discharging  circuit, 
or  even  i>n  one  side  only,  to  act  as  a  condenser,  the 
amount  of  electrification  at  each  discharge  is  increased 
and  the  brilliancy  of  the  spark  heightened,  though  the 
discharges  are  less  frequent. 

The  theory  of  the  operation  of  the  Holtz  machine  is 
simple.     The  diagram  Figure  253  shows  the  revolving 
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plate,  the  field-plates  A  and  B,  the  discharging  circuit 
A'B\  and  the  diagonal  conductor  />.  The  field-plate 
Ay  which  is  here  shown  outside  of  the  revolving  plate, 
being  feebly  electrified  negatively  by  contact  with  an 
excited  plate  or  rod  of  ebonite,  acts  at  e,  through  the 
air  and  the  glass  plates,  upon  the  upper  end  g  of  the 
diag<^)nal  metal  rtxl  />  of  the  neutralizing  circuit,  develop- 
ing  positive   electinfirjition   there    by   induction.     This 
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electri^catiou  produces  a  discharge  of  positively  electri*^ 
fied  air  from  the  sharp  points  of  the  comb  upon  tfa« 
frout  snrfiice  of  the  n}i»vul)le  j)]ftte;  while  at  the  s&me 
lime  the  repelled  uegative  electriticatiou  acrumulates  al 
the  other  end  h  of  the  diagonal  conductor  and  prodace* 
n  discharge  of  negatively  electrified  air  from  tJie  mmlt 
iip(jn  the  face  of  the  jdate  opposite  to  it.  Hoth  of  lli^-s*- 
charges  thus  produced  upon  the  face  of  the  inovible 
plate,  react  inductively  through  the  glnst«  ]<l  ' 
the  field-plates  A  and  B,  the  dissimilar  electrir 
both  ca»efl  being  attracted  to  the  nearer  ends  e  and/ of 
these  field-plates,  and  the  similar  electrifications  1>eitig 
repelled  to  the  remoter  ends  a  and  b.  But  at  these  re- 
mf)ter  ends  are  placed  the  pointed  paper  tongut^  which 
j»i'ojoctinto  the  windows  ;  and  the  repelled  electnficKlii^ 
is  slowly  discharged  from  these  pa]>er  points  upon  tLe 
rear  surface  of  the  nu»vahle  plate.  If  now  this  plate  \» 
turned,  these  electrificatit^ns  upon  the  back  are  CJirrii^d 
onward,  from  left  to  right  above  and  from  right  to  left 
below,  until  they  come  opposite  to  the  tnngues  u|X)ii  the 
field-plates,  which  are  dissimilarly  electrifind.  Tliette 
tongues  at  once  discharge  their  electrifit*Htion  upon  tlje 
revolving  plate,  thus  neutralizing  its  electrification  ami 
at  the  same  time  increasing  that  of  the  field  plates ;  tlie 
difference  of  potential  between  them  rising  continuously 
as  the  plate  is  rotated,  until  the  gain  by  duplicjttion  b 
balauce<l  by  the  loss  arising  from  leakage  aiid  spark- 
discharge. 

Thus  far  tlie  only  object  attained  is  the  maximum  dis- 
similar electrification  of  the  field-plates ;  and  this  has  hpen 
accomplished  solely  by  means  of  the  electrific^itiou  n{»oD 
the  rear  surface  of  the  revolving  plate.  But  meanwhile 
the  electrifications  upon  the  froni  surface  of  this  plate 
have  been  brought  by  the  rotation  opposite  to  the  combs 
of  the  discharging  circuit;  and,  acting  inductively  upon 
the  metallic  mass,  attract  the  opposite  electrificatinDS 
to  the  nearer  ends  of  this  circuit,  producing  a  discharge 
of  oppositely  electrified  air  upon  the  plate  ;  thus  neutral- 
izlBg  its  e\eclti&e&\iou  wud  «X  lUu  name  time  leaving  the 
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electrodes  of  the  discharging  circuit  highly  electrified,  the 
one  pi»sitively,  the  other  negatively.  ThiH  electriiicatioa 
it  is  which  i«  the  cause  of  the  sparks  between  the  elec- 
trodes. This  part  of  the  operation  of  the  Holtz  luachiue 
is  quite  analogous  to  that  of  the  ordinary  friction  ma- 
chine ;  differing  only  in  the  fact  that  in  the  Holtz  ma- 
chine the  action  is  duplex. 

504.  Sell'-excitlii;;  Machines. — The  Holtz  machine 
ii»  not  self-exciting.  It  had  been  observed,  however,  that 
machines  of  the  carrier  type,  like  that  of  Varley  already 
mentioned,  having  a  number  of  metallic  sectors  or  car- 
riers arranged  on  a  revolving  disk,  M'ould  produce  a 
spark  from  ho  feeble  an  initial  electriticatiou,  that  no  out- 
side electrification  was  required ;  the  normal  diflference 
of  potential  between  dissimilar  substjinces  being  quite 
Bufficieut.  The  Topler  machine  (1880)  is  of  this  type.  It 
consists  of  a  revolving  glass  plate  (Fig.  254)  upon  which 
are  sis  equidistant  tinfoil  sec- 
tors or  carriers  having  a  low 
"brass  button  on  each.  The 
field-plates  are  of  varnished 
paper  attached  to  the  rear 
ace  of  a  vertical  sheet  of 
aas.  Two  brushes  of  tinsel 
connected  with  these  plates 
are  supported  so  as  to  touch 
the  buttons  on  the  sectors  as 
they  revolve,  these  brushes 
beiii^  at  opposite;  emls  of  a 
diameter  of  the  disk,  inclined 
about  30°  t<:>  the  vertical.  A  second  pair  of  brushes  is  placed 
horizontally  and  forms  a  part  of  the  discharging  circuit. 
Tlie  same  year  Voss  brought  out  a  machine  on  the  same 
principle,  in  which  th*»  Holtz  construction  was  atlopted. 
A  revolving  glass  plate  e  (Fig.  255)  having  six  tinfoil  disks 
equidintantly  ]tlaced  near  its  edge  moves  in  front  of  a 
somewhat  larger  circular  glass  plate  e',  upon  the  back  of 
which  are  two  paper  quadrants  c  and  c'  acting  us  the  field- 
plates,  and  reinforced  by  two  tinfoil  disks  near  their  ends 
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ooimeoted  by  a  tinfoil  strip.  At  the  top  of  oue  qoadraDt 
and  at  tLe  bottom  of  the  other.  tnetAllic  arms  a.  a\  each 
carrying  a  bniHli.  pass  round  the  edge  of  the  reTohbg 
plate,  so  that  the  buttons  upon  the  tinfoil  diaks  ur  c&r- 
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riers  just  touch  them  as  they  pass.  A  diagonal  conductor 
with  its  ])air  of  combs  ftcts  as  n  Doutriilizing  circuit  ns  in 
the  Hoitz  machine.  A  second  pair  of  combs  in  the  di*- 
chargiug  circuit  has  the  central  points  removed  and  re- 
placed by  a  tiuHcl  brush.  Two  Leyden  jars  i,  t',  are 
comniuuicatir>n  with  t)ie  discharging  circuit. 

The  operation  of  the  machine  may  be  explained  by 
aiil  of  the  diagram  Figure  256,  given  bvTh4»nipson, 
circle  of  sectors  represents  the  revolving  pLite,aud  outsidft 
of  this  are  segments  representing  the  fieJd-plates.  An 
pointing  outward  represent  positive,  those  jiointiug 
ward  negative,  charges.     The  diagonal  neutralizing 
dnctor   D  and  the  discharging  circuit  A'B'  are 
shown.     The  upper  sector  at  n  is  under  induction 
the  left-hand  positive  quadrant ;  and  therefore  a  disjib^o^ 
ment  tfikes  place  from  higher  to  lower  ])otential  ah 
the  diagonal  conductor  through  the   brush  in  coni 
witli  this  RftcUu',  veA^\viv;  WA?,  -AfeiiWx  a  w^styLtive  charge 
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oliarging  the  lUiigonally  opposite  sector  positively.  As 
these  sectors  move  on,  work  must  be  doue  to  separate 
the  uttractiDg  bodies;  and  tLe  charges  ou  the  sectors^ 
before  hehl  hy  tlie  opposite  electrificutiouH  of  the  field- 
plates,  become  free.  AVhile  thus  charged  these  sectors 
come  iiito  coutact  with  the  brushes  at  the  euteriug  euds 
of  tlie  two  opposite  field-plates ;  each  sector  giving  np 
to  or  receiving  from  the  field-plate  a  part  of  its  charge. 
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lus  increasiug  tlie  electrification  of  the  plate.  The? 
sectors  then  pass  ou,  with  a  potential  equal  to  that  of 
the  field-plate  with  which  they  have  just  been  in  con- 
it,  and  touch  the  brushes  of  the  discharging  circuit, 

linng  up  to  them  or  receiviug  from  them  a  portion  of 
their  charge  whenever  the  sectors  are  at  diflferent  po- 
tentials. As  each  successive  sector  performs  these  func- 
tions, the  electrification  of  the  field-plates  and  thatof  thr 
discharging  circuit  reaches  a  high  value  in  a  verj-  short 
time ;  and  this  enlu'ely  without  the  giving  of  any  initial 
charge  to  either  field-plate.  In  the  most  recent  form  of 
Voss  machine,  the  revolving  plate  is  doubled. 

son.  WlinslnirMt  Machine. — Another  noytble  influ- 
ence machine  is  that  of  Wimshurst  (1881).  Its  construction 
is  quite  simple  (Fig.  257),  consisting  only  of  two  equal 
glass  disks,  each  ])rovided  with  numerous  sectors  on  f»ne 
side  and  rotating  in  opposite  directions.     These  sectors 
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lire  on  the  outer  siden  of  the  revolTuig  plates,  and 
uot  ouly  Hs  carriers  but  also^  wheu  upposito  each  oth( 
A8  fielil-plaU^H  <ir  iuilactorn.     Each  plate  has  a  diagoi 
coudactor  facing  it,  the  two  ends  of  whicL  are  pr\.aided 
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witli  brushes  which  touch  H^^htlj  the  sertors  as  ther 
These  two  diagonal  couductors  are  at  right  angles 
«*acli  other.     There  is  also  a  horizontal  dischargiog 
cuit  provided  with  a  double  set  of  combs,  one  set  fac; 
each  plate.     It  is  usually  provided  with  a  coudeuser. 
A  diagram  by  Thompson  (Fig.  258)  may  make  clear 
operation  of  this  machine.     Let  the  sectors  on  tlie 
plate  be  repro.seiittHl  by  the  outer  row,  those  *if  the  fn 
plate  by  the  inner  row  of  segments,  the  two  revolviBg 
opposite  directions.   The  t^vo  diagonal  conductors  al» 
cd  are  perpendicular  to  each  otlier,  both  Iveiug  incl 
about  45*^  to  the  vertical.    The  carriers  from  which  li 
of  force  radiate,  as  shown  by  the  arrows,  una  char|>!l 
jjositively.  t\\e  otWvH  wv^v^^vVsAn.     K.t  t\x^  toy  of  the 
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K;raiu  the  back  carriers  are  repreaonted  as  positively,  the 

Hrout  carriers  as  uegattvely  charged  ;  at  the  bottom  the 

reverse  is  the  euse.   The  niaxiuium  charge  upon  a  sector 

is  represented  as  six  units.  Consider  a  front  sector  at  a  for 

^example.     As  it  passes  into  the  position  shown,  it  comes 

Bmder   tlie  influence  of  the   positively  electrified  sector 

^opposite  to  it  on  the  back  plate.     But  at  this  instant  it 

touches  the  t)ruHh  of  thn  diagonal  conductor,  and  a  dis- 

lacemeut  takes  place  along  this  conductor  from  a  to  &, 


L 


Flo.  100. 

leaving  the  sector  negatively  charged.  Simultaneously 
the  sector  at  h  is  electriliud  j)osilivel3'  iu  the  same  way. 
So  that  the  sectors  on  the  front  plate  move  onward  from 
the  points  of  contact  with  the  brushes,  the  upper  set 
negatively  and  the  lower  set  jMisitively  electrified.  The 
diagonal  conductor  of  the  back  plate,  being  at  right 
angles  to  the  other  one,  produces  the  snine  results  for 
its  sectors  but  intermediately.  Thus  tiie  back  sector  at 
4)  comes  under  induction  from  the  negative  front  sector 
opposite  U>  it,  at  the  same  time  that  it  touches  its  diag- 
onal conductor  and  is  thus  cliarged  positively,  wliile  the 
back  sector  at  d  iti  negatively  charged  in  the  same  way. 
The  inductive  action  as  wtdl  as  the  carrjing  function  of 
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the  Rectors  is  therefore  clearly  appareut»  nud  tLc  aectois 
of  huth  platen  come  to  the  cuiubs  of  the  iliHchargiDf^  cir- 
cuit siniilarl^'  charged,  poHitivelj  ou  the  left-hand  hide 
and  negatively  on  the  right-haud  aide,  Tlie  inductiTr 
action  of  these  sectors  niM)u  the  disciiarj^Dg  circuit  elec- 
trifies its  two  Hid**s  oppositely  and  juoduces  the  sparb 
and  brushes  which  pans  between  its  eleotrudeR. 

iSOtS.  Tlioiiisoii  ElcctroNtatic  Oeiicrutors. — AuioDif 
the  various  forms  which  these  carrier  uiaehinefi  hare 
assumed,  we  may  mention  three  contrived  by  Professor  Sir 
\Vm. Thomson*  and  called  the  **replenisher/'  the  "mouse- 
mill,"  and  the  "  water-dropjiiug  machine,"  respc'ctiveh. 
The  repleuisher  was  constructed  for  the  purpoHe  of  niuo*^ 
tainiug  the  charj^e  of  the  Ley  den  jar  in  tli<^  (jundrant  eIe<^• 
tnnneter.  It  has  two  metal  carriers  revolving  within  two 
field-plates  or  inductors  which  are  segments  of  cyliudprK 
The  two  carriers  while  under  opposite  induction  fnitn 
the  field-i)lates  are  tonclied  by  two  sj^rings  foriuiuK  the 
ends  of  a  metallic  circuit,  and  then  touch  two  Hprings 
just  as  they  pjiss  within  the  iield-platc  on  the  opjK>*»ite 
side.  The  mouse-mill  was  used  for  electrifying  the  iuk- 
vessel  of  the  siphon-recorder.  The  apparatus  is  cvlin- 
drical,  the  carriers  being  segments  of  cylinders  ten  in 
numl>er,  whence  its  name.  Two  semi-cylindrical  field- 
plates  or  inductors  are  placed  outside  <if  the  revolviDjj 
cylinder.  Eacli  carrier  is  connected  to  a  pin  near  tbi^ 
axis ;  and  by  means  of  these  pins  the  two  carriers  enter- 
ing the  two  fiehl-plates  are  put  in  contact  with  th**** 
phites,  while,  at  the  same  time,  the  two  carriers  perpen- 
dicular to  these  are  put  in  communication  with  escb 
other.  The  water-tlropping  machine  was  first  descril)ed 
in  1867.  To  stems  connected  with  the  inside  coatings  ol 
two  Leyden  jars  A  and  B  (Fig.  259)  hollow  cylinders  of 
metal  are  connected,  which  are  called  respectively 
inductors  t   and  receivers  r.     Each   stem   supports  ao 

•  Id  con9«|Ucncc  of  liU  eminent  wrvicia  !o  acienoe.  Profi^wor  fiJr 
WilMain  Thomson  lins  recently  bet-u  raised  to  t!it  peenigc  nod  l»» 
assumed  the  tiile  of  LonI  Kelvin.  By  Ibis  name,  therefore,  we  nbftll 
in  future  vuttt  Vo  \\\\\\. 
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iudactor  and  a  receiver,  the  inductor  of  the  first  jar 
being  arranged  vertically  over  the  receiver  of  the  second 
and    vice    versn.     The   re- 

li  ceiver  differs  from  the  in- 

Idoctor    in    coutaiuiug    a 

Pfntuiel       placed      Hli^^htly 

I    ul»>ve  the   middle   of   the 

■crlinder    with  its  narrow 

Feud     opening    downward. 

,  Two  tiue  vertical  streams 
of  water  are  arranged  to 
break  into  droj>8,  one  in 
the  center  of  each  induc- 
tor. These  drops  fall  along 
the  a\is  of  the  inductor 
into  the  fnuuel  of  the  re- 
ceiver and  thence  to  waste, 
Btipi>ose  a  small  positive 
charge  be  given  to  one 
of  tlu'  jars.  Its  inductor 
electrifies  negatively  each 
drop    of     water    breaking 

away  in  its  axis  from  t!te  j**t,  and  those  drops  coramnni- 
iMite  their  negative  charges  to  the  funnel  l>eIow,  which  is 
iH>uuected  to  the  other  jar.  This  reacts  to  increase  the 
positive  electrificati«»n  of  the  first  jar  and  so  on  ;  so  that 
commencing  with  n  feeble  charge  in  one  of  the  jars,  only 
^aooverable  by  a  delicate  electrometer,  a  rapid  succession 
of  sparks  is  seen  after  a  few  minutes  passing  in  some 
part  of  the  appuraiuH,  or  i\w  drops  of  wat<'r  are  seen 
scattered  about  over  the  edges  of  the  receivers. 

B.— ME.iBtmiNO-INRTRCMKNTS. 

507.  Ir^lertroHlatlc  Units  of  Measiircmoiit.— Elec- 
trostatics requires  the  measurement  of  (1)  Quantity,  |2> 
Potential  difference,  and  (^i)  Capacit}'.  Since  these  are 
connected  together  by  the  equation  Q=Cr,  either  of 
them  can  be  calculated  when  the  other  two  are  known. 
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L  The  absolute  unit  of  quantity  is  that  qaaotitT  of 
electrificiitioD  whirli,  pla<:e(l  at  nuit  dtstauire  from  u 
equal  quautitj  of  tiie  same  kind,  repols  it  witb  a  nnh 
force.  Ill  the  C.  G.  S.  system,  it  is  the  quantity  vLick 
repels  au  equal  aud  like  quantity  at  one  ceutimeter 
distance^  with  the  force  of  oue  dyne.  The  dimeuMuDso! 
the  electroatatic  unit  of  quantity,  therefore,  are  [(//U] 
=  [^]  =  IML/T'] ;  whencf  [Q]  ^  [M^IJ/T], 

IL  The  abflolate  unit  of  potential  difference  is  Uiat  dif- 
ference of  potential  between  two  points  which  requireat 
unit  of  work  to  be  done  in  carrying  a  nuit  of  ({uautitj 
from  one  to  the  other.  In  C  (t.  S.  units,  a  unit  differ* 
ence  of  potential  exists  between  two  points  when  an  etft, 
of  work  is  expended  in  carrying  an  absolute  nnitoftrlec- 
tri£cation  from  oue  to  the  other.  The  tliineuHioosof  tlw 
electrostatic  unit  of  potential  difference  are  [  l^/Q]  at 
[MLyT']  -=-  ( J/l/J/ri;  heiu-e  [K-l\]  =[3n/J/Tl 

IIL  The  absolute  anit  of  capacity  is  the  cafiactty  uf  t 
conductor  which  requires  uuit  charge  to  raise  its  poteotiftl 
by  unity.  The  diiueuaions  of  the  electrostatic  nnit  of  capa- 
city consequently  are  [Q/  V]  or  [3nD/T\  -■  [AfiLh/T] 
or  [L] ;  whence  [C]  =  [L]  aud  the  capacities  of  similar 
conductors  are  proportional  to  their  linear  <liraensiana 

IV.  The  force  experienced  by  lui  electrified  IvhIv  in 
an  electrical  field  l>eing  proportioual  (1)  to  the  char;^ 
upon  the  body  aud  (2)  to  the  strength  of  the  field,  u 
jointly  proportioual  to  the  product  of  these  quautitiM. 
But  since  a  field  of  uuit  strength  is  produced  at  unit 
distance  from  unit  charge,  the  force  experienced  by  nail 
quantity  in  such  a  field  will  also  be  unity  at  unit  Ji^tancp 
from  unit  charge.  'Whence  the  diineiisiouu  of  the  uuit 
of  electric  force,  or  electromotive  intensity  (Maxwell),  an? 

In  practice  certain  multiples  aud  sub-multiples  of  Ibe 
absolute  C.  G.  S.  units  have  been  adopted,  mainly  for 
convenience  in  reproducing  concrete  standards  These 
units  are  named  from  emiuent  electrit-ians,  and  are  as 
follows,  their  valuer  being  given  in  ubstilntp  hIp. 
static  units  *. 
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DeaomtitAiIou.  Kmme. 

Quantity  of  L'leclrificaiioD.Cfmlomb 
Poltniiiil-difffrence. . » . .  .Volt 

Cupacity Farad 

Curruui Ampere 

Rt-siataiice Ohm 

Wurk  ( Volt-cuuluinb) Joule 

Aclivity  ( Voll  ai»i)ere). .  .W«lt 


Origin  «)f 
Nainr<. 

U 

Vftlue  B.  8.  Units. 

CuuIOMlb 

Q 

3xl0» 

VoltH 

E 

i  X  io-« 

Faraday 

G 

8  X  10" 

Aoip^re 

1 

3xl0» 

Ohm 

R 

i  X  lO-u 

Juule 

— 

10'  tTga 

Wall 

— 

10'  ergs  per  sec. 

I 


I 


508.  Potential  Dlirereiice. — luatruTnents  for  meas- 
uring differences  of  electrical  p^teutial  by  electrostatic 
Hctiou  are  called  electrometers.  As  the  capacity  of  sncli 
instrumenta  reiiiaiuH  constant,  tlie  charges  >vhicb  they 
receive  and  which  they  indicate  must  vary  as  the  poten- 
tials of  the  bodies  with  wliich  they  are  in  contact.  Lord 
Kelvin  divides  electrometers  into  three  chiHses;  Re- 
pulsion electrometern,  attracted-disk  elRctrometers,  and 
Byuimetrical  electrometers.  To  the  first  class  the  gold- 
leaf  electroscope  and  Coulomb's  torsion-bjilance  belong. 
TLe  former  may  be  used  to  indicate  equality  (1)  in  the 
potential  of  two  bodies,  electrified  similarly  or  oj)po8itely, 
by  equality  of  divergence  in  the  gold  leaves;  or  (2t  in 
that  of  two  botlies  di.ssimilarly  electrified,  by  bringing 
tltem  in  contact  and  observing  zero  divergence.  But 
the  different  divergences  are  not  proportional  to  any 
simple  function  of  the  potential.  The  Coulomb  torsiou- 
balance  has  already*  been  described  (468). 

500.  Tlioiiison  EIectroiiieter.s. — The  electrometers 
of  Lord  Kelvin  belong  to  the  mMuuul  and  third  classps. 
The  Absolute  electrometer,  the  Portal)ie  electrometer,  the 
Standard  electrometer,  and  the  Long-range  electrometer 
are  all  Attracted-disfc  instruments,  while  the  Quadrant 
electrometer  }>eloug8  to  the  class  of  Symmetrical  instru- 
ments. Moreover,  these  electrometers  may  be  used 
idiostatically,  when  the  electrification  to  be  tested  is  the 
onlv  nne  t^iiptoyed  ;  or  heterostatically,  when  an  auxiliary 
electrificjition  is  used.  In  the  former  case,  for  small 
Tables,  tlio  indication  of  the  electrometer  is  proportional 
to  the  square  of  the  potential  difference,  while  in  the  latter 
it  is  proportional  to  this  difference  itself.  '  Moreover, 


s&^ 
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hoterostatic  mfltrunieuU  ui<ltcate  in  uiUlition  the  siguol 
the  electritication. 

The  absolute  electrometer  consists  of  a  light  alaniiamQ 
disk  a  supported  by  apriugs  iu  it  circuhir  opening  ki 
h^rge  brass  plate    6\  culled  the  guard-plat4^  (Fig. ""~ 
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Beneatli  thin  is  a  second  plate  of  brass  P,  adjustable  bj 
a  inicromoter  screw  and  called  the  attracting  plate.    Tlie 
whole  is  contained  in  a  glass  cylinder  coated  on  the  out- 
side and  the  inside  with  tinfoil  and  acting  as  a  Leyden 
jar.     The  guard-plate  is  permanently  connected  with  tL« 
inner  coating  and  the  jar  is  kept  charged  by  the  repieo- 
isher,  to  a  coustaut  value  determiutMl  by  a  gauge-    To 
calibratti    the   instrument    weights    are    placed  on  tbe 
aluniuuiu  disk  and  the  depression  noted.      They  an 
then  removed,  the  outside  of  the  jar  connected  with  the 
attracting  phito,  and  this  plate  raised  by  means  of  its 
micrometer   screw   nntil    the   same    depression    of  tbv 
alumiuuin  disk  is  produceiL    The  reading  of  the  micrt^m- 
eter  is  called  the  earth  re4iding,  the  outside  of  th«?  j&r 
being  to  earth.      The  body  whose   potential  is  to  be 
measured  is  now  put  in  contact  with  the  attracting  plate, 
aud  this  plate  is  moved  by  its  micrometer  until  the 
aluminum  <lisk  is  again  brought  iuto  the  plane  of  the 
guard-riug.     The  difference  of  the   two   readings  sub- 
Ktituted  in  the  formula  gives  the  difference  of  potentials 
between  that  of  the  body  examined  and  the  outside  of 
the  jar  of  the  electrometer;  or  since  this  may  be  con- 
nected to  earth,  the  difference  between  the  body  and  the 
earth  ;  i.e.,  the  absolute  potential  of  the  body. 

The  calculation  required  is  as  follows:  The  capacitr 
of  a  pair  oi  paTft\\e\  \»\ivVes,^\\viXft  o  va  the  distance  between 
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'the  plates  and  S  the  surface,  m  C  =  S/^ne^  as  we  Lave 
reuily  sn*m  (489);  awil  heuce  the  energy  of  electrilica- 
ion    ir,  which  equals  \V'C  (481),  is  equal  to  F'5/8?re. 
>ut  the  force  betwevii  the  plates  F  =  W/e\  and  heuce 
^  V*S/\ine*,     From  which  we  ubtaiu 


V=eVHnF/i^ 


[«6] 


[f?o  that  if  F  be  the  potential   difference  between   the 
[uard-riug  and  the  earth,  aud  V  that  between  the  gimrd- 
Lg  aud  the  body  examined,  and  if  e  and  t'  be  the  cor- 
responding readings  of  the  micrometer,  e'  —  c  will !»«  the 
<liHtHUce  through  whicli  the  attractiug  plate  was  luoved 
between  the  two  readings,  and  the  formula  becomes 


V'-r=^{e'-€)S'HnF/8. 


[67] 


[jf  the  area  of  the  aluminum  disk  be  measured  in  sqnare 
4*entimeters,  the  distance  e'  —  e  in  linear  centimeters, 
Aud  the  force  ^in  dynes,  the  potential  of  the  body  will 
be  obtained  in  absolute  C  G.  S.  units. 

The  Thomson  quadrant  electrometer  is  so  called  from 
the  form  of  its  princijial  acting  part.  This  is  a  flat  cylin- 
drical box  (Fig.  2G1,  ^1)  made  of  brass  and  diNided  into 
ioar  quadrants,  each  supported  upon  an  insulating  glass 
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stem.  Within  this  box  an  aluminum  needle  shaped  like 
the  figure  8  moves  about  a  vprtical  axis,  suspended  by 
A  pair  of  silk  fibers,  as  is  seen  in  the  figure  (Fig.  2G1,  D). 
The  whol«  is  Huclosed  in  ajar  coubiiniug  siilphurio  acid, 
to  keep  the  air  dry  within  it  and  to  act  as  the  inner  coat- 
\x\^  of  a  Leyden  jar,  tinfoil  forming  the  outer  coatiug. 


i 


By  means  of  a  fine  wire  of  platiunm  Langing  iu  the  add 
nml  couuet.t4?<l  to  the  needle,  this  ueedle  is  kept  charge*!; 
the  potential  being  uuiutaiued  constant  bv  means  of* 
repleniaher  &nd  gauge.  By  two  metal  electrodes  am- 
luuuication  \n  made  with  the  quadrants,  the  alteruotp 
pairs  of  which  are  oouuerted  together.  When  thes*  ti»(> 
electrodes  are  united  by  a  wire,  the  four  quadrants  tie 
at  the  Hiiiue  potential  and  the  ueedle  ik  unaffected,  pro- 
vided it  be  placed  Hyinnjetrioally,  with  its  central  line 
coinciding  with  the  plane  between  the  quadrauta.  % 
however,  one  pair  of  quadrants  be  put  to  earth,  and  tlift 
diagonally  opposite  pair  be  connected  with  an  electrified 
body;  or  what  is  Hubstantially  the  same  thing,  if  tbt^lvo 
electrodes  be  connected  to  points  at  diHerent  potentiaLs, 
the  needle  will  move  to  tlie  right  or  left  according  as  tLe 
one  side  or  the  rither  is  at  a  higher  potential  than  itselL 
Upon  the  rod  supporting  the  needle  is  ydaced  a  mirror; 
so  that  by  means  of  u  ttdescojie  and  scale  the  amonutof 
the  tleflection  may  be  read  olf.  Since  the  scale  is  placed 
at  about  a  meter  distance,  and  since  the  angular  motion 
of  the  image  is  twice  that  of  the  mirror,  the  potentiaU 
may  be  considered  as  approximately  proportional  to  the 
deilectious.     The  theory  of  the  instrument  shows  that 

/?  =  c(  r.  -  rx  r  -  i(  V,  +  V,)),         [68] 

where  D  is  the  deflectioD,  V,  V^ ,  and  l\  are  the  poten- 
tials respectively  of  the  needle  and  the  two  pairs  of 
quadrants,  and  c  a  constant  depending  on  the  conditiottft 
of  the  apparatus.  The  deflection  is  therefore  closelj 
proportional  to  the  difference  of  potentials  between  thft 
quadrants  multiplied  by  the  difference  between  the  po- 
tential of  the  needle  and  the  mean  of  the  potentials  of 
the  quadrants.  Since  V  is  large  in  comparison  with  F, 
and  Pi,  we  may  write 

in  which  the  reciprocal  of  C represents  o(  V—^V^-^-V^y^ 
whence,  since  C  is  practically  consti^ut,  the  difference  oC 
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^teiitiuLs  in  proportional  to  the  deflectiou.  These  de- 
»ctioiia  may  be  reduced  to  ahwjlut*^  measure  by  deter- 
dning  the  value  of  the  ooustjiiit  C\  by  empiricalij 
blibratiug  the  iustrumeut  with  a  batter^'  whoue  differ- 
100  of  potential  has  been  determined  by  means  of  an 
solute  electrometer.  By  using  a  different  number  of 
ills  in  each  experiment,  giWug  di£fereut  deflections,  a 
liiean  value  can  be  obtained  true  through  its  entire 
tuiij^e. 

A  commercial  instrument  based  on  the  same  prin- 
eipl**  and  called  an  electrostatic  voltmeter  has  more 
rtL'tiutly  been  devised  by  Lord  Kelvin.  In  tliis  instru- 
ment,  a  vertical  figure-of-S-shaped  plate,  corresponding 
to  the  needle  of  the  quadrant  electnnueter,  is  supported 
OD  kuifeed^es  coinciiling  with  the  axis  of  a  tixed  plate, 
Dc-bich  consists  of  two  opposite  metallic  sectors,  each 
double,  the  movable  plate  paasiu|^  between  tJie  two 
sides.  Hence  the  instrument  is  practically  an  air-cou- 
denser  with  one  plate  movable,  the  motion  of  this  plate 
altering  its  electrostiitic  capacity.  When  a  difference  of 
potential  is  established  between  the  fixed  and  the  mov- 
able plates,  the  latter  moves  so  as  to  increase  this 
capacity,  the  couple  being,  as  in  all  idiostatic  electrome- 
ters, proportional  to  the  square  of  this  difference.  A 
Hniall  weight  hung  on  the  lower  end  of  the  movable 
plate  balances  this  couple  ;  and  by  having  three  differ- 
ent weights,  three  different  degrees  of  sensibility  may  be 
given  to  tiie  instrument. 

olO.  Liippinaun  Cupillnry  Electrometer. — The  capil- 
lary electrometer  of  Lipi)niaun  is  an  instrument  of  ex- 
traordinary delicacy,  based  uj>on  changes  in  the  surface- 
tension  between  two  liquids  produced  by  a  difference  of 
electric  potential  between  them.  Since  mercury  and 
dilute  sulphuric  acid,  being  heterogeneous  substauces, 

iare  electrified  oppositely  b^'  contact,  and  since,  though 
apparently  in  contact,  they  are  really  separated  by  ap- 
proximately half  a  micromillimeter,  the  whole  acts  like 
ft  condenser,  in  which  the  difference  of  potential,  the 
electrostatic  capacity,  and  the   surface-tension   are,  by 
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tho  law  of  tbe  Conservation  of  Electricity,  luutuall)  lU- 
pendeut 

Experiment. — PUit'e  n  glolmle  of    UH.*rxur^v    in   dilute  snlphune 
actd  otiiitaininc  u  trace  of  chromic  ncid,  and  adjust  nil  iron  liit 
within  the  acid  so  Ibat  it  just  touches  Ibe  mercury  surfn** 
0*j»*?rvp  thill  ihn  Kl*^hul«  incniftsfts  its  couvexiiy  ami  wi  lii 
nway  from  tho  wire,  broaking  the  contact.     Ab  the  glubulv  a^ipua 
tlHtteiis  by  the  action  of  gnivity,  contact  is  agiiin   mnde  tkutl  •>  a 
cuniiuuuug  vibration  xa  DiaintaiDod.     The  diffcronoi>  of  ^lOtifiiiia]  dt- 
vtilu[M>d  by  coutHCt,  aided  {H^rbaps  by  a  polarixntiou  of  the  mt;rcni7, 
increaA€«  Um  surfucc-tcnsinn  of  this  liquid  and  caufic«  iitobmnv 
more  spherical*  thus  drawing  itself  away  from  the  iroa  wire. 

This  change  of  Hurface-teusiou  it  is  wLich  \»  uuuk 
use  of  in  the  eupillary  electrometer.  In  LippmMio'k 
form  of  the  iustruiuent  <Fig.  2(13)» 
vertical  glass  tube  A  ilrnwo  ont  Uia 
fine  point  at  its  lower  end  and  filled 
with  luercurv  ii*  innne!*sed  in  <lilute 
sulphuric  acid  contained  in  the  Te!*.**sl 
B,  Electrical  contact  is  made  at  tLt 
points  p  nnd  p\  The  presaure  of  i1j« 
mercury  in  the  tube  is  susstaiueJ  [ft 
the  convex  mercury  meniscns  at  tii? 
point,  the  position  of  this  lueniscta 
being  observed  hy  means  *»f  a  micro- 
scope. Evidently  an  increase  in  \hA 
potential-difference  between  the  m*^ 
cury  in  A  and  the  acid  in  B  will 
cause  a  rise  of  the  nieuiscns  and  • 
diminution  will  cause  a  fall  in  it  So 
that  by  UMlug  kuf>wn  difference*  vi 
l>otential  to  calibrate  the  electrom- 
eter, the  value  corresponding  to  any 
given  change  iu  the  position  of  the 
meniscus  can  be  determined.  It  i* 
preferred,  however,  to  conned  the-! 
top  of  the  glass  tube  with  a  tubeoti 
rubber  counoct*»d  to  a  flexible  reservoir  containing  lur' 
•which  can  be  compressed ;  the  amount  of  pressaraj 
being  recorded  ou  a  water  manometer.    By  means 
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is,  pressure  is  exerted  ou  the   top   of  the  mercury 
luiuu  iiutil  the  ineuiscus  is  returned  to  the  zero  posi- 
iou  ;  then  the  difl'erenue  of  potential  is  read  off  on  the 
auoineter.     This  difference  is  fouud  to  be  ]>rop«»rtioual 
the  pressure  up  to  uenrlj  a  volt,  although  it  is  not 
d  for  poteutiiil   differences  of  more   thau  half  this 
olue.     Its  sensibility,  however,  is  so  great  that  it  will 
tneaHure  one  ten-thounaudth  of  a  volt  (507).     In  a  modi- 
fied form  of   this  iuMtrument   proposed  by  Dewar,  the 
apillarity  tube  is  horizontal  and  contains  in  its  center  a 
ropofacid,  mercury  filling  the  rest  of  tlie  tube  ou  both 
ides.     The  ends  of  tlie  tube  terminate  in  mercury  con- 
ined  in  ghiss  jars.     A  difference  of  0"0(K^  of  a  volt  canses 
the  drop  of  acid  to  move  jierceptibly  along  the  tube. 

511.    Electrical   Quantity.  —  In    experiment   eight 
485),  Maxweirs  method  of  adding  together  a  number  of 
nul  quantities  of  electrification  was  described.     By  re- 
ersing  the  order  of  operations,  a  quantity  of  electrifica- 
on  may  in  the  same  way  be  successively   diminished 
r  equal   amounts.     This   principle  of   determining   a 
otal  charge  by  the  number  (jf  partial  charges  required, 
ither  to  produce  it  or  tn  reduce  it  to  zero,  has  been  vari- 
osly  applied.     Lane  (1767)  devised  a  discharging  elec- 
ometer    based    upon    the   fact  that   the   charge   ou    a 
onductor  and  the  lengtii  of  spark  given  by  it  ou  dis- 
harge,  are   proportif»nal   to  tbe  potential  ;    and  hence 
under  the  same  conditi(jus,  if  tlio  length  of  spark  remains 
ooustaut  the  quantity  of  the  discharge  will  be  constant 
alao.     Thus,   for   example,  lot    the    outer  ctiating    of   a 
l#eyden  jar  be  connected  with  a  ball,  adjustable  micro- 
metrically  to  any  given  distance  from  the  knob  which  is 
connected  with  the  inner  coating.      On  charging,  it   is 
clear  that   tbe   potential  of   the  jar  will   rise  until  the 
resistance  of  the  air  between  the  kntdts  is  overcome,  and 
then  spark-tlischarge  will  occur.     Since,  with  the  excep- 
tion of  a  slight  residual  charge,  the  discharge  of  the  jar 
is  complete,  it  is  evitlent  that  the  (juantity  tlischarged  by 
each  Bpark,  being  the  value  of  its  capacity  for  the  given 
potential,  will  bo  constant.     Harris  subnequently  adopted 
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the  principle  iu  the  coDHtructiou  oi  tiiH  nult  jar  (Fig.2€7| 
by  means  of  which  equal   quautitieH  of  elecirificatioii 
can  be  transferred  in  tiui^^cessiou,  from  a  given  boiik«  to 
a  coudenaer.     For   this   pur- 
pose the  unit  jar  is  iiiHnhtt«>d, 
its  interior  A  is  connected  to 
the   source,  and   its   exterior 
/i  to  one  «ido  ttf  the  conden- 
8er,  the  other  side   of  which 

is  connected  to  earth.     When  the  potential  of  the  unit 
jar  has  risen  t<;>  a  degree  corresponding   to   the  distoafe 
between  the  knobs  A'  and  B\  n  tUstance  which  i*  iV 
jnatable,  it  will  be  discharged,  a  spark  paasioK  «• 
between  these  knobs;  and  so  on  indefiniteN,  s. ■ 
the  operation  is  continued.    But  the  nuit  jar  is  m 
and  hence  in  charing  it,  precisel}'  the  same  qmv 
passes  to  the  condenser  from  its  outside  ooatJuj:  ihi\ 
passes  to  its  inside  coatinij;  from  tlie  source.     Hencp  »t 
each  discl)ar^6  of  the  unit  jar,  a  quantity  equal  to  ito 
capacity  for  the  given   potential  enters  the  oondeoster; 
the  whole  quantity  finally  contained  in  this  condenwr 
bein^  the  product  of  the  qnaittitj  in  each  sjiark  by  tb« 
number  of  sparks. 

For  the  transference  of  smaller  quantities,  Oaogib 

has  used  a  discharging  gold-leaf  electroscope  in  madi 

the  same  way.  calling  it  an  electro- 

sco]>ic  gauge.    A  metal  ball  is  placed 

within  the  instrument,  supported  "U 

a  rod  rising  from  tlie  lyase  and  tb 

fore  connected  with  the  gronmL    It 

is  adjustable  horizoutallj  and  is  ^ 

placed  that  one  of  the  gold  leaves  on 

divergence  comes  in  contact   wi(li  il 

IvT-  2*^>4).     To  determine  the  chAr;2:« 

ot  ;i  conductor,  it  is  connected  wiili 

the  electroscopic  gauge  by  means  of* 

slightly  moistened  cotton  thread  thirtt 

or   forty   centimeters   long.      As    the    electrification  m 

transferred  gtadnally  along  the  thread,  the  gold  Ip«v^v 


KlO.  204. 


g-r^-^jjm 


ENBHGY  OF  j!STESR-8TRB8S.-KLSVTR0SrATWS.    603 

diverge  uutil   one  of  thein   touches  the  ball,  wheu  the 
»*l«otro80tipu  in  ut  ouce  discharged  aud  the  leaveH  fall. 
A  second  trauHfereuce  of  elecirificatiou  takeH  place,  and 
«o  on,  until  the  conductor  is  discharged.    As  the  quantity 
escaping  at  each  contact  is  the  same,  the  total  quantity 
upon    the    conductor   is    pmportional,  as   above,  to   the 
uutnber  of  contacts.     Finally  a  divergence  of  the  gold 
leaves  results,  less  than  is   required  to  bring  them   iu 
contact  with  the  ball,  aud  there  is  left  in  the  apparatus 
a  small  residual  charge.     To  determine  its  value  for  the 
electroscope,  repeat  the  experiment  just  given,  recharg- 
ing the  conductor  Ui  the  same  potential  without  previ- 
ously discharging  the  electroscope.     If  n  be  the  number 
of  contacts  ou  the  tirst  discharge  and  n'  the  number  on 
tli*>  seconti,  n' —tx  will  be  the  residual  charge  in  terms  of 
I    the  quantity  discharged  at  each  contact     To  determine 
■t  for  the  conductor,  put  this  conductor  and  the  electro- 
Hcope  in  connection  with  asocond  conductor  of  greater 
^Lipacity  by  means  of  a  cotton  thread,  aud  count  the  cou- 
Hacte.    Then  having  iusulateil  the  first  conductor  and  the 
^felectroscope  without  discharging  them, charge  the  second 

I  conductor  to  the  same  pi)tential  as  before  and  discharge 
it  again  through  the  electroscope,  noting  the  number  of 
soutacts.     If  m  be  the  number  on  tirst  discharge  and  w' 
^h"  number  on  the  second,  m'  —  in  is  the  residual  change 
on  the  tirst  conductor  and  the  electroscope  taken  to- 
ther  ;  M'heuce,  since  n' —  n  is  the  residue  on  the  elec- 
o«K;ope  alone,  the  residue  ou  the  conductor  must  be 
m'— m)  — (n'— n).     By  varying  the  position  of  the  ball, 
o  sensibility  of  the  gauge  may  be  varied. 

By  uniting  with  such  an  electroseopic  gauge  a  hollow 

iHuIated  metal  cylinder  such  as  is  shown  in  the  tigure 

ig,  265)  by  means  of  a  cotton  thread,  quantities  of  elec- 

ioation  on  non-conductors  may  be  compared.     For  if 

n  elcctriiietl  body  be  introduced  into  the  cylinder,  the 

milar  electrification  repelled  through  the  electroscope 

will  be  exactly  equal  to  the  charge  on  the  body ;  aud 

may  thereft>re  be  njeasured  by  counting  the  contacts, 

this  way  opposite  electrifications,  as  well  tin  similar 


In  this  ^ 


604 


parsjcs. 


ones  may  be  compared.  Moreover,  the  division  at  % 
cliarge  between  two  condnctors  of  anj  form  may  Uiu 
be  studied.  Charge  one  of  them,  bring  them  Ln  contact 
for  an  instant,  and  then  determine  the  charge  of  each  bj 
the  number  of  contacts.     If  the  total  charge  be  first 


determined,  the  difference  between  this  and  the  anm  of 
the  sepjiratt^  chiirgeH  represents  the  loss  in  the  oip«^ri- 
nient.  Since  the  rate  of  discharge  depeudH  upon  tli* 
diflerencB  of  the  potentinls  at  thn  ends  of  the  threa<i, 
the  number  of  contacts  in  a  unit  of  time  will  giv*^  Uie 
moans  of  determining  potential  difference. 

512,  Thcrniomotric  Monsurcmont  of  EIrrtrioal 
Quantity. — A  second  method  of  dot«'nnining  electricAJ 
quantity  is  a  therniometric  one.  Whenever  tw<j  comlac- 
tors  at  different  potentials  are  connected  together^  elec- 
trification passes  from  th^  one  at  higlier  to  the  one  ai 
lower  potential  and  a  loss  of  electrical  energy*  to  the 
system  results.  If  no  mechanical  work  is  done  in  the 
operation,  this  energy  thus  lost  appears  as  heat-euergv 
in  the  circ\ut.    W  tVvG  AX-acVwwv^"''  "w^V^s^  \.VftK«L  vu  the  air,  a 
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k  is  produced  ;  if  through  a  t 
pnductiDg  wire,  this  wire  is  heated.  The  1 
these  cases  may  be  used  to  detf^riniue 
ergy  expended;  aud  siuce  electrical  energy  is  pro- 
lortiuuul  to  QVt  by  makiug  F"  constant,  the  heat  may  be 
L»e<l  to  detertuine  quantity, 

Eoiinersley  (1761)  contrived  an  electrical  air-ther- 
onaeter,  by  means  of  which  tlie  heating  efi'ect  of  the 
(park-discharge  in  air  could  be  utilized  to  measure 
Bleciriticatious.  A  mi:)deru  form  of  Lis  instrument  is 
jhown  in  Fig.  266.  Whenever  the  spark  passes  between 
the  balls  within  the  larger  tube,  the  air  therein 
is  expande<l  and  the  liquid  column  in  the  smaller 
tube  rises,  the  amount  of  the  rise  indicating  a]>- 
proximately  the  quantity  of  the  charge.  Harris 
1826)  described  athermo-electrometer  consisting 
ofaglassbulb  12  cm.  in  diameter,  across  the  interi- 
or of  which  one  or  more  fine  wires  were  stretched. 
This  bulb  was  connected  below  with  the  sliorter 
leg  of  a  glass  tube  of  2'5  mm.  bore,  bent  twice  at 
right  angles  and  containing  a  colored  liquid,  the 
longer  leg  rising  vertically  about  60  cm.  and  provided 
Vith  a  graduated  scale.  Riess  (1837)  modified  this  ap- 
|»aratus,  first  by  using  a  spiral  of  fine  platinum  wire, 
thereby  the  sensitiveness  was  increased,  and  second 
by  placing  the  caj)ill:iry  tubt'  horizontal,  but  capable  of 
eing  inclined  at  any  desired  angle  by  means  of  a  hinge 
ttached  to  the  board  to  which  it  was  fastened  (Fig, 
67).  Tlit^  ]i(|uid  used  was  a  mixture  of  sulphuric 
id  and  alcohol,  to  which  a  little  cochineal  was  added 
give  it  color.  If  a  condenser,  such  as  a  Leyden  jar 
pr  abatt43ry  of  such  jars,  be  discharged  through  this  fine 
platinum  spiral,  the  heat  generated  in  the  wire  causes  au 
expansion  of  the  air  in  the  globe,  the  amount  of  which 
toay  be  read  off  on  the  capillary  tube  by  the  displace- 
paeufe  of  the  liquid  column.  Since  the  energy  of  a 
Bbarged  conductor  is  ^^F  or  Cy2C,  the  total  heat- 
lenergy  produced  by  the  discharge  is  proportional  to  the 
|Uare  of  the  quantity  of  electrification  concerned. 
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Maooari  (1873)  made  use  of  the  expansion  of  thft  air 
caused  hy  the  Leatiug  of  a  fine  wire  by  the  electric  dis- 


charge (Fi^,  268)  to  oix^rat**  a  Marey  tanibotir  and  thos 
to  obtain  a  record  of  the  plienomenou.  The  tambour  i* 
a  metallic  capHule  covered  witU  u 
sheet-rubber  nieinbrnne,  on  wliicL 
rentH  a  plate  attached  to  a  lever  ar- 
tic-ulated  to  the  frame  BU|»pi)rtiag 
the  tiirubour  ;  so  that  an  iurreuHe  of 
pressure  witbin  the  capsule  cauHec; 
the  ])late  to  rise  aud  xuove  the  levf^r 
upward.  The  end  of  this  lever  is 
pointed  and  rests  ji^ainst  the  surface 
of  smoked  jmper  on  a  t'hronof»raphic 
cylinder.  The  expansion  of  the  air 
iu  the  cylindrical  thermometer  itself 
is  connuunicated  through  a  tlexilile 
tube  to  the  taujbour*  the  rLse  of  Uie 
lever  and  hence  the  heif^ht  of  the 
curve  being  proportional  thereto. 


EIPRRIMTNTS.— 1.  Place  fine  wires  of  the  sjioip  lem:' 
ofer   but   of    d\fEvv«\vV  xufeVaXa  wtxwi  V\v&  VUmwxoium.  i 
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dutchArge  the  same  battery.  equuUy  chargod,  through  these  in  auc- 
Op8$ioD.  Observe  tbnt  the  beating  ufTeet  in  greuteut  for  leiid  hikI 
leHAl  for  silver.  *i.  Using  iu  the  thennoiDeter  a  plutinuiu  wire  02 
mm.  iu  diameter,  coiled  in  u  spiral,  eliarge  a  battery  by  means  of 
tbe  UDit  jar  aa  above  described^  giving  it  say  10  unit  chnrge^  in  one 
case  mid  20  in  another.  Observe  that  the  heating  clTect  is  four 
t]m«  \\A  much  iu  the  second  case,  being  proportional  to  tlie  square 
of  ttui  charge. 

Section  V. — ELEcniosxATic  Phenouena. 

A. — DISCHAIiOE   BY   CONDUCTION. 

513.  Conductive  Dlarliurge. — A  (liMclmrge  is  called 
«ondactiTe  wLen  it  traverses  u  conductor,  n  metallic  Mire 
for  example ;  aud  disruptiTe  wlieu  it  pasnes  thrntigb 
an  InHulatiiig  medium  Huch  as  air  or  gLi.ns  (Faraday). 
Wlieu  no  other  work  is  done  iu  the  circuit,  the  entire 
energy  of  the  charge  is  expended  in  heat;  this  principle, 
as  we  have  already  seen  (512^,  being  utilized  in  the  elec- 
tric thermometer.  From  the  experiments  of  Kiess,  it 
appears  that  the  heat  produced  is  proportional  directly 
to  the  square  of  the  charge  and  inversely  to  the  utind)er 
of  jars  in  the  battery;  i.e.,  to  the  charged  surface.  That 
is  to  say.  //=  n^'/w  =  n<//S.  But  since  Q/S  =  a;  the 
snrfsce-density,  H  :=  naQ  ;  or  the  heat  j)ro<luceil  is  pro- 
portional to  the  product  of  the  surface-density  by  the 
charge.  Moreover,  other  thinf^s  being  equal,  the  ca- 
pacity of  a  condenser  is  proportional  to  its  surface;  so 
that  we  may  write  II=oQ*/C.  "Whence,  tui  (7=  Q/V, 
■we  lirtve  //=  fiQV'j  which  becomes,  when  a  =  \J  and 
HJ=JV,  W  =  iQr;  i.e.,  the  electrostatic  law  that  the 
energy  of  a  charged  conductor  is  measured  by^  half  the 
product  of  the  charge  by  the  potential.  The  expendi- 
ture of  this  amount  of  heat-energy  upon  a  given  wire 
raises  its  temi)eratiire  by  an  amount  inversely  propor- 
tifuial  to  its  mass  and  to  its  specific  heat;  i.e.,  T=  H/mc^ 
iu  which  T  is  the  rise  in  t4>mperature,  H  the  heat  pro- 
duced by  the  discharge,  m  the  mass  of  the  wire,  and  c  ita 
Bpecific  heat.  Since  m  =#/rf,  where  «  is  the  cross-section, 
/  the  length,  and  6  the  density  of  the  wire,  this  may  l>6 
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writteu  T  =  H/sl^c.     E\iileutl}\  Lowever,  the  wire  will 
not  renc;h  thm  teai{>E*niture  owing  to  the  Icms  of  li(«t  h^r 
nuliatiou  ami  couvecti"u  from  its  surface.     Exporimeot 
liiis  sbowu  that  the  rate  of  loss  of  beat  from  these  cntues 
from  each  square  eeutiiiieter  of  an  uiipolisbetl  snrfatvi)! 
metal  iH  about  cue  four-tbousauJtb  of  a  uuit  of  beat  oer 
secoiitl  for  eanh  degree  of  excess  of  temperature  of  tlie 
wire  above  the  snrrouiuliiig  medium.     Whence  if  A  be 
the  total  development  of  heat  per  square  ceutiuieter  of 
surface   per   secoud    and  x  the  actual  temperature  at- 
ttiiued,  j:/40<X)  -  A.     If  wires  of  diflereut  materials  bi? 
used,  the  fall  of  potfr>utiiil  iu  each,  as  compared  with  tlii* 
rest  of  the  circuit,  will  be  differeut ;  and  hence  the  heat 
developed  in  each,  which  is  proportional  to  this  fall,  will 
be  ditl'orcnt.     The  fall  of  potential  in  the  different  poT- 
tious  of  a  circuit  is  inversely  proportional  to  the  conduc- 
tivitv  of   those    portious ;    and  Ijeuce   the    fall,  and  the 
consequent  heat  developed,  is  greatest  in  materials  like 
platinum  and  carbon  and  least  in  silver.     Agaio,  it  has 
been  assumnd  that  all  tlip  energy  of  the  (iiscliarge  is  ex- 
pended in  the  wire  itself.     But  iu  effecting  the  discharge 
the  spark  passes  before  contact  is  establiahed,  and  thia 
spark  is  a  part  of  the  circuit  and  a  part  «)f  the  energy  id 
expended  iu  it.     This  energy  is  less,  however,  iu  propt^r- 
tion  as  the  conductivity  of  the  wire  is  lefw.     So  that  hv 
reducing  it  snthciently  in  comparison  witli  the  rest  of  the 
circuit  practically  the  whole  of  the  energy  may  be  ex- 
pended ujHkn  the  wire  itself.     (Iliess.) 

514.  FuKi4iii  nnci  VolntUizatioii  of  WIrvs.— Evi- 
dently if  the  wire  be  sufliciently  small  or  the  charge 
sufficiently  great,  the  metal  may  be  fused  and  even 
vaporized.  For  this  purpose  the  jars  may  bo  arrangoii 
either  in  multiple  or  in  cascade,  according  Ui  the  ditnoD- 
sions  of  the  wire.  With  four  jars  of  alnuit  two  litera 
cajiacity  arrauged  in  cascade,  a  brass  wire  50  cm.  long 
and  0*2  mm.  in  diameter,  or  an  iron  wire  80  cm.  long  and 
0*33  mm.  in  diameter,  may  be  volatilized,  with  a  sound 
like  a  pistttl-shot.  The  fused  iron  is  projected  in  all 
directions,  the  Uc\vud  ^loliulcH  scintillating  brilliantlv  ia 
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the  air.  If  the  wire  be  placed  under  water,  the  sound  is 
increased  and  the  sliock  of  tlie  diHcliarge  is  made  more 
violent. 

EiPERiMENTB.— 1.  Place  a  white  card  vertically  so  as  to  rest 
against  a  fine  win)  between  the  point:s  of  tlRMlischarger  and  volntiliz4' 
this  wire  l>y  the  discharge  of  a  baltery.  Observe  that  the  card  is 
covered  with  h  layer  of  iluely  divided  material,  the  color  uf  whii  h 
depends  ii[H>n  tlie  metal  used,  sUver  giving  a  greenish  stHiii,  gold  ii 
puqile  one,  etc. 

%,  Place  a  sheet  of  gold-leaf  npon  a  card,  thmugh  which  a  desigti 
has  been  cut,  a  portrait  of  Franklin  for  example.  Lay  the  whole 
upon  a  sheet  of  white  paper,  connecting  the  two  opposite  eflges  of 
llie  gold  leaf  with  two  Btrii>8  of  tinfoil  to  serve  as  eleotroiles,  and 
enclose  it  in  a  woo<lon  screw- press.  Uimn  pjt.ssing  tfie  discharge 
through  it,  the  gi>ld  will  be  volatilized  and  the  vapors  passing  through 
the  openings!  in  the  card  will  reproduce  llie  design  upon  the  pai>er, 
colored  in  purple.  In  Franklin's  own  <x[rf.M'iment  the  gold-leaf  was 
placed  between  two  glass  plates  ;  and  the  vafiors  appeared  to  pene- 
trate tfa«  glass  so  that  the  di<{>osit8  could  not  be  removed  even  by 
aqua  rcgia. 

3.  Repeat  experiment  1,  placing  the  wire  beneath  the  surface  of 
water.  When  the  discharge  takes  place,  the  water  will  Iw  scattered 
in  all  directions  and  frequently  the  glass  vessel  containing  the  liquid 
will  itself  l>e  shattered. 

515.    Speed    of  Pro]m^atiaii    of  the    OlHohanre. — 

Wlieatstoue  (1834)  made  the  fir«t  attempt  to  determine 
the  time  taken  by  an  electric  discharge  to  traverse  a 
metallic  condnct^>r.  His  apparatus  is  represented  dia^ 
grammatically  in  the  tigiire  (Fig.  200).  The  circuit  con- 
sisted of  copper  wire  l*7mm.  indiameter,  divided  into  two 
equal  ]ialve«,  F^  F\  each  365  meters  loop,  nrranged  in 
ten  parallel  IJneH,  the  ends  terminatiiif^  in  ftMir  halls,  2,  3, 
4,  6,  upon  a  spark-board  S,  Two  other  balls,  1,  6,  form- 
injT  the  ends  of  tlie  discharging  circuit,  were  also  ar- 
ranged on  this  board,  tlnis  forming  three  pairs,  tlie  dis- 
tance betweon  e>acli  pair  being  0*25  cm.  The  jar  L  was 
»*^  ])Iaced  that  wlion  the  revolving  steel  mirror  M,  2*5 
cm.  iu  diameter,  was  in  the  proper  position  as  shown,  it 
was  discharged  through  the  wire  and  of  course  produced 
tiiree  sparks  at  the  breaks  upon  the  boiird.  When  the 
mirror  was  slowly  rotated  on  its  shaft  by  means  of  the 
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pursws. 


pulley,  the  ibrea  spnrks  were  seen  in  tbe  mirror  as  three 
pointe  of  li^Ut  all  in  the  same  straigLt  line;  butaiitLe 
speed  of  mtiition  iucrejised,  two  distinct  results  vert 
jiroduced:  Ist,  the  points  were  drawn  out  intfi  linf*, 
showing  an  appreciable  duration  to  the  npark  itself;  aiiJ 
2<],  the  ends  of  thet>o  lines  were  not  displaced  eqoallj, 
ahowiug  that  they  did  not  occur  at  the  same   instant 


The  diflFerence  in  angular  displacement  observed  hj 
Wheatstone  when  the  mirror  made  800  turns  a  beeond 
Was  hnlf  a  de^^ree,  which  corroKp<»uded  U>  one  quarter  of 
a  dej^ree  displacement  of  the  mirror.  Since  the  mirror 
made  800  turns  a  second,  it  would  make  one  torn  in  ^ 
of  u  second  and  would  turn  through  J  of  a  depree  or 
TiV©  ^^  ^"®  ^^'"^  ^^  mjooo  ^^  ^  sec<ind.  But  in  thib 
time  the  discharge  had  passed  through  one  of  the  coils 
of  wire  or  3G5  meters. 

While  therefore  we  may  accept  this  experimental  re- 
sult, wo  are  not  justified  in  concluding  as  Wheatsioue 
did  that  in  an  entire  second  the  discharge  W(udd  have 
travelled  1152000  times  as  far  through  the  same  wire; 
or  in  other  words,  that  the  speed  of  the  electric  discharge 
thrrnigh  such  a  copper  wire  is  at  the  rate  i>f  420000 
kilometers  per  second.  Because,  as  Faraday  pointed  out, 
the  speed  of  propagation  even  in  a  given  metallic  wire 
depends  not  oid}-  on  the  electrical  pressure  employed, 
but  also  upow  i\\e  ca\va.c\\<^'  oV\V\t  ^«oiMd^\iA<ftv  from  which 
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the  discharge  comes.  Moreover,  the  time  of  propagatiou 
in  a  wiro  vftiies  directly  with  the  resistiince  of  the  wire 
auJ  with  it8  electrostatic  capacity;  and  since  both  these 
values  are  functions  of  the  length  of  the  wire,  the  speed 
of  transmissifin  must  vary  inverHcly  as  the  s<iu;i,re  of  the 
length  of  the  conductor.  So  that  in  fact  it  fnllows  that 
th«3  length  of  Wheatatone's  wire  which  the  discharge 
would  traverse  in  a  second  is  only  390  kilometers  in 
place  of  420000  as  Wheatstoue  supposed.  Again,  Bec- 
can'a  observed  earl  v  in  the  century  that  a  charge  re<juired 
two  or  three  seconds  t*T  traverse  a  hempen  cord  152 
meters  long.  Fanulay  (1833)  used  a  wet  thread  abijut  a 
metor  long  t<j  connect  his  battery  to  the  galvaut>meter ; 
and  found  that  two  or  three  seconds  Avas  required  to 
transfer  tlie  batter^'-chargo  through  it.  And  (iaugain 
abowed  that  while  eleven  fiec<*nds  was  required  for  the 
transmission  of  a  charge  througli  a  cotton  thread  165 
cm.  long,  forty-four  seconds  was  required  when  the  thread 
waH  330  cm.  long.  Finally,  it  shcmid  be  remembered  that 
the  time  of  trausmission  through  a  wire  depends  upon 
the  attainment  at  the  remote  eml  of  the  wire  of  a  charge 
sullicicnt  to  produce  an  indicutinn  of  some  sort;  and 
therefore  that  this  time  of  transmission  will  be  different 
ording  to  the  sensitiveneaa  of  tlio  instrumenteroployed 
lo  detect  the  charge.  Hence  it  is  evident  that  tlie  term 
"  velocity  of  electric  transmission,"  so  often  used,  has  no 
definite  meaning. 


Experiment.— Faeteu  two  wires  upon  a  block  leaving  a  small 
spac«  between  their  ends,  nnd  fill  this  space  with  ;;nnpowder.     On 
diBchnrging  a  jar  througli  the  jr^mpowder  it  will  be  blown  away  with- 
it  ^wuijc  inHamed.     liopeat   the   oxi>erimt»nt  intercyilHtinK  in  the 
tuit  8  or  10  cm.  of  c(itron  fhre;ul  well  moisieiied  with  water.  The 
gunpowder  will  now  bo  intlamod,  suiee  the  heat  of  the  sjMtrk  is  slowly 
>roduoed  and  (he  guupowder  has  time  to  be  melted. 


B. — SPABK-DISCHARGE. 


5tO.  DJHniptlve  niscliargc— That  form  of  discharge 
which  traverses  an  insulating  medium  suddenly,  break- 
ing throngh  it  m  the  form  of  a  spark,  ha«  been  called  by 


Furaday  dismptive.  Tci  produce  itau  insulating  dielet 
xaust  be  iuterpDsed  betweeu  two  ronductiuj^  »urf]u;<»:i 
oppoHite  electrical  sttites;  so  that  us  the  electrification 
iucreases,  rupture  ni  tin*  ditdectric  occurs,  a  Hpark  jia***^ 
aud  the  electriiicatiou  ih  destroyed.  As  we  have  seeo 
^4^)9),  the  dielectric  iu  a  charged  coudeuser  ia  in  acoDLli. 
tiou  of  strain  ;  aud  since  every  charged  conductor  is  one 
surface  of  au  air-condenser,  there  is  au  outward  pressup- 
upon  its  surface  against  the  dielectric  in  ooutact  with  it, 
which  has  the  value  2t(t' ;  i.e.,  varies  as  the  square  of 
the  electric  density.  The  limiting  value  of  tliis  presKun' 
for  air  has  been  shown  by  Lord  Kelvin  to  be  about  68 
grams  weight  per  square  decimeter  of  surface  (474^  So 
that  when  the  ordinaiy  atmospheric  presaure,  which  i* 
103330  grams  per  square  decimeter,  is  electrically  re- 
lieved on  two  very  slightly  convex  metallio  surfaces  hv 
even  the  small  amount  of  68  grams,  the  air  between 
them  is  cracked,  aud,  provided  the  distance  between 
tliem  is  not  greater  than  one  aud  a  quarter  millimeters, 
a  spark  passes. 

517,  I>nr»tioii  of  Spark. — In  Wheatstone's  exj>eri- 
ment  above  described  the  imaj^cs  of  the  sparks  in  the 
rotating  mirror  were  not  points,  but  lines  ;  showing  tint 
they  had  an  appreciable  duration.  The  maximum  elon* 
gation  observed  was  24**,  correspondinj^  to  a  rotation 
tlip  mirror  thnrngli  12°,  Since  this  is  ^  of  the  circi 
ferenoe,  aud  since  the  mirror  revolved  800  times  asei 
the  duration  of  the  spark  was  about  ,^  j\flo  of  a  socoi 
i.e.,  4'2  X  10  "  second.  Feddersen  (1864),  using  a 
Tolving  concave  mirror,  observed  that  the  image  of  the 
spark  was  drawn  out  by  the  rotation  into  a  band  20; 
30  mm.  long,  consisting  of  a  yellowish- white  porti< 
sliadinp  into  a  greenish-white  portion,  and  tins  again  into 
a  red  tail  ;  the  duratiou  of  the  first  being;  3  X  10  "  \  that 
of  the  second  4x10"*.  and  that  of  the  third  6  X  10 
second  ;  thus  giving  a  total  duratiou  of  1*30  X  10  " ' 
the  entire  spark.  Moreover,  he  found  that  the  dnrnl 
was  increased  eitlier  by  incre^vsing  the  length  of 
spark,  the  capacity  of  the  condenser,  or  the  resistance 


tlie  circuit.  Rood  (^1809),  using  ii  roHted  surface  of  738 
sq.  cm,  aud  h  npnrk  a  millimeter  long,  obtniued  with  a 
plane  rotating  mirror  a  total  duration  of  about  2*3  xlO  '  * 
fteoond.  But  he  oV>8erved  that  the  main  illuniiuatiug 
power  of  the  spark  was  concentrated  iu  the  tirst  exi»lo- 
sive  act,  and  he  showed  that  this  portion  of  a  spark  two 
luillimeters  long  between  platinum  points  occupied  about 
1'75  X  10  "  ^  second.  Using  a  roated  surface  of  only  71 
sq.  cm.  and  a  discharge  one  millimeter  long  between 
platinum  points,  the  durntii)n  of  the  first  and  brilliant 
portion  of  the  spark  was  found  to  be  4  X  K* '  **  second. 
Caziii  and  Lucas  (1872)  euiphiyed  a  disk  of  blackened 
mica  divided  ou  its  edge  intt*  180  parts  and  rotatiug  be- 
fore a  fixed  disk  of  silvered  glass  having  six  divisions  on 
its  edge,  forming  a  vernier  with  the  first,  the  spark  being 
viewed  through  the  disks.  M'^ith  a  sjieed  of  rotation  of 
400  per  second,  400  X  180  or  72000  lines  cross  the  field 
in  one  secondhand  hence  the  interval  between  two  lines 
is  7f  iiFff  of  a  second.  Since  one  sixth  of  this  interval  is 
appreciable  on  the  vernier,  the  interval  between  two  suc- 
cessive vernier  coincidences  is  2*3  X  10 '  *  second.  If 
the  discharge  takes  place  at  the  instant  of  a  coincidence 
and  lasts  exactly  the  above  fraction  of  a  second,  two 
bright  lines  "will  be  seen,  owing  to  the  persistence  of  vis- 
ion. But  if  the  spark  occurs  between  two  coincidences 
f>uly  one  line  will  be  seen.  Using  two  Leydeu  jan*  in 
the  circuit  and  a  spark  five  millimeters  long,  the  dura- 
tion of  the  spark  was  found  to  be  2*6  X  10  "  second  ; 
while  with  four  jars  it  was  4*1  X  10"*  and  with  eight  jars 
4-7  X  10  -  *  second. 

518,  Oscillatory  Character  of  the  Discharge. — 
Henry  (1842),  obserWug  that  needles  magnetized  by  the 
electric  discharge  were  not  uniform  iu  their  polarit}-, 
suggested  the  existence  of  oscillations  in  the  discharge. 
*'  The  phenomenon  requires  us  to  admit  the  existence  of 
A  princijial  discharge  in  one  direction,  and  then  several 
reflex  actions  backward  and  forwjird,  each  more  feeble 
than  the  preceding,  until  the  equilibrium  is  attained." 
These  oscillations  Feddersen  (1864)  succeeded  in  photo- 
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grapliiug  by  the  aid  of  the  revolving  mirror  (Fig,  '270v 
He  observed  thnt  the  oHcillutiuuH  lire  most  distinct  wlieu 
tlie  resistance  of  the  circuit  is  low.  the  capacity  of  theci)!!- 
densers  is  cousiderable,  and  the  sparks  are  taken  between 
metallic  balls,  preferably  of  iron.  If  the  resLstanc^  of 
the  circuit  be  increased,  as  b}'  iutroduciugliqtiids intuit, 
the  osK'iUations  are  damped,  uud  the  tlischarge  appi^An 
continuous.  If  it  be  still  further  iucreased,  the  termiuftlfl 
discharge  faster  than  the  circuit  can  supply  the  electrifi- 
cation, aud  the  discharge  becomes  intermittent.  U»ii»g 
two  jar«,  piu'li  linviiif^'  ()'2  sq.  meter  of  coated  surface,  luid 
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Kio.  sra. 

putting  1300  reet-ers  of  copper  wire  in  the  circuit,  the  total 
duration  of  the  discharge  was  increased  three-  or  four- 
fold (that  of  a  single  jar  being  1'3  X  10*  second).  It 
was  oscillatory,  and  gave  a  band  on  the  sensitive  plate  a( 
the  focus  of  the  mirror  23  cm.  long.  Neither  the  lenj<tL 
of  the  spark,  nor  tlie  potential  of  the  charge  appeared  to 
have  any  effect  on  the  duration  of  a  single  oscillation; 
tea  jars  on  a  short  metallic  circuit  giving  for  a  4'mn). 
spark  3*04  X  10'",  and  for  an  S-mm.  spark  3-05  X  10"' 
second.  With  16  jars  aud  a  long  circuit  al-fi-mm.  spark 
occupied  511  X  10"S  and  a  9-ram.  spark  514  X  10"* 
second. 

/>H>,  Conditions  re<niire<l  to  prodiit'C  i\  Spnrk. — ^In 
disruptive  discharge  a  spark  passes  when  tiie  resistance 
of  the  dielectric  is  broken  down  by  the  electrostatic 
pressure  existing  upon  the  bounding  conductors.  What- 
ever therefore  teuds  to  increase  this  pressure  or  to  di- 
minish this  resistance  favors  disruptive  dischargeu  As  to 
the  electrostatic  pressure,  it  is  a  function  of  the  density. 
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id  lias  the  value  2;rcr*.  But  the  density  upon  a  given  8ur- 
ice  18  proportional  to  the  charge,  ar»<l  this  is  itself  propor- 
ptial  to  the  ptiteutial.  Carefml  measurements  have  been 
Lade  both  by  Lord  Kehnu  and  hy  De  la  Hue  to  deter- 
Ine  the  difference  of  electrostatic  potential  required  to 
roduce  a  sjiark  in  air  at  the  ordinary  pressure,  the  re- 
alts  of  which  agree  well  tof^ether.  From  these  results 
;  ap|>ears  thjit  the  resulting  electrostatic  force  in  air 
enr  the  Hurfaco  of  a  conductor  required  to  produce  a 
park  one  centimeter  long  tends  toward  130  electrostatic 
[xuts(,507)  as  a  constant  value  ;  althougli  tlie  unexpected 
lesult  was  obtained,  that  a  greater  electromotive  force  per 
Uiit  length  of  air  is  required  to  produce  a  spark  at  short 
listauces  than  at  long  ones.  Since  the  pressure  in  dynes 
S  equal  to  the  square  of  the  eloctrostjitic  force  divided 
ly  8jr,*  the  value  of  the  pressure  required  to  produce 
timeter  spark  in  air  is  130y87r,  or  672  absolute 
O.  8.  units  of  force  per  square  centinieter  ;  ie.,  672 
lynes,  corresponding  to  <)8  grams  weight  per  square 
cinieter  (Lord  Kelvin). 

Moreover,  the  density  and  hence  the  electrostatic 
ressnre  depends  upon  the  form  of  the  conducting  sur- 
and  upon  the  sign  of  the  electrification.  Experi- 
ent  shows  that  only  one  half  the  difference  of  potential 
required  to  produce  a  spark  between  plates  7  or  8  cm, 
diameter,  that  is  necessary  to  give  a  spark  of  the 
me  length  between  balls  3  cm.  in  tliameter.  And 
nraday  proved  that  the  spark  between  two  balls  is 
nger  for  the  same  difference  of  potential,  wlien  the 
aller  one  is  made  positive,  than  when  it  is  negative, 
hns  the  spark  between  two  halls,  one  7'o  cm.  and  the 
her  1*25  cm.  in  diameter,  was  2*5  to  3*75  cm.  when  the 
rger  ball  was  positively  charged,  and  25  to  30  cm. 
hen  this  ball  was  made  the  negative  electrode.     This 


*  U  the  distance  tietween  two  nurf&Cf'fl  i)^  a  and  tboir  dIfTeroDce  of 
kteotlflJ  V.  the  menn  force  lietweon  tlioni,  F,  is  V/a.      The  reaultont 
F*,  cloue  to  a  Buifnce  on  which  the  electric  deosity  la  a.  Is  Aittr. 
Id   this  cue  F^  F\    I'/rt  =  4to- «ud  <r  =  V/Ana.      Honoe  ;>, 
Irhirli  ^i|iiaU  fljTff*.  is  equal  to  P/8)rrt* ;  or,  Bince  A'=  V/o,  to  ^/8ir. 
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property  has  heeu  utilized  by  Gftugaiu  jiu<l  others  in  (be 
coustructiou  of  what  are  tenaed  electrical  valves;  tbc, 
electrical  flow  hi'iiig  readily  tranKiuitted  iu  one  dired 
but  not  iu  the  opposite.  Again,  the  sin^ili  ball  ^ai 
spark  twice  aw  lonp  wheu  charged  positively  bv  iiidac- 
tiou  as  it  did  wheu  charg(*d  direct 

The  resintance  to  diKi'uptive  diHchnrge  is  dimiiuAhed 
br  diuiiniahiiig  the  )>ressuro  of  the  (^aseoua  luediuto  in 
which  it  occurs.     It  \^  a  well-know u  fact  that  t] 
difference  of  potential  will  product*  a  longer  h^  .1 
rarefied  air  than  in  air  at  nornuil  pressure.     Wiedeiuaan 
ha«  tihowu,  however,  that  the  decrease  of  po(<  ■ 
quired  for  a  given  length  of  apark  is  rather  1<  - 
than  the  decrease  of  the  pressure,   the   ratio  tendioff 
toward  a  limiting  oouHtant  value.    Convernelv,  ^  ' 
air  is  C4>iupressed  the  reHistauce  is  increaseiL     * 
found  that  the  aanie  difiference  of  potential  which  woiU' 
produce  in  ordinary  air  a  npark  30  cm.  long  would  t*awr 
a  discharge  tlirougl]  only  half  a  millimeter  of  apAce  n 
air  under  a  pressure  of  40  or  50  atmospheres.    Am  to  lbe| 
rarefaction  giving  the  minimum  n^Histauc^,  Schulli:  U* 
pointed  out  that  this  liniitiiig  ]>ressure  varies  with  the 
eiz©  of  tlie  tube  employed. 

The  resistance,  after  decreasing  with  the  rarefacti(>& ' 
to  a  minimum  value,  afterward  increasen  agsvin  ;  ao  tbit 
iu  a  high  vacuum  a  spark  of  half  a  milliuteter  cnuuut  bel 
produced  by  a  potential  difference  which  would  gite  « 
fipark  of  *20  centimeters  in  ordinary  air. 

Again,  the  nature  of  the  gaseous  medium  influemy^ilie' 
length  of  the  spark.  Faratlay  arranges  gjises  acc<irdiug 
to  their  resistance  to  disru])tive  discharge^  as  follows: 
bvilrogen  rhioritle,  ethylene,  air,  carbon  dioxide,  Ditn>f^Qi 
oxygen,  illuminating-gas,  hydrogen.  With  a  given  poteJi- 
tial  difference  De  la  Rue  found  the  spark  in  bydrog«ii 
to  be  twice  as  l<»ng  as  in  air,  both  at  nr*rmal  j)re.ssure. 
Morren, using  the  same  tube, has  shown  that  the  mininmtu 
resistance  is  obtained  for  different  gases  at  quite  different 
pressures.  Thus  f<ir  hydrogen  the  ])ressurf  of  2*8  mil* 
liineters    given    IW   w\\u\wiw\\i  xws»\"^Vwuce ;    for   carboti 
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LUDoxidtfi   1*6  millimeters;  for  oxygeu  O'O   millimeter; 

r  nitrogeu  O'l  luillimeter  ;  aud  for  i-jirlxtii  ili(ixi(lt>  0*08 

lillitueter. 

a:30.    niaraftrri«tU*s  ot*  the  Klortriir  S|>urk. — Tlie 
iloctrie  disruptive  diacliarge  tiikes differeut  forms,  accord- 
ing to  the  cotiditioua  uuder  wliich  it  is  produced.     TheBo 
nre   claHSitied   by   Faraday  us   the   spark-discliarge,  the 
liru.sh-diacharjj;e»  tiie  glow-discharge,  and   tlie  dark  dis- 
ibftrge  ;  although  the  diHtiuctiou  is  uot  absolute,  one  of 

leae  forms  frequeutly  rnuuing  iuto  auother. 
(1)  The  Hpark  discharge  is   the  brilliaut  liue  of  light 

rhich  marks  the  breakiug  down  of  the  dielectric  aud  the 

ttal  transfer  of  the  electrification  through  it.     Wlu^u  the 
thickuess  of  the  dielectric  is  uot   great,  the  spark   is 
itraight;  but  as  tlie  distance  increases,  its  path  becomes 
irregular,  due  to  compression  of  tlie  air  iu  its  front.     The 
volume  of  tlie  spark  increases  with  the  quantity  of  elec- 
trification transferred,  the  spark  of  a  condenser  being 
ibe  more  brilliant  aud  the  louder  in  proportion  as  the 
surface  increases.    The  condensed  spark  in  air  at  ordinary 
(pressure  is  nearly  wliite  ;  but  when  the  quantity  is  small 
[&iid  the  length  of  the  spark  great  the  color  is  a  bluish 
purple  ;    becoming   redilisli   purple  in    rarefied   air,  and 
^liaviug  characteristic  colors  in  different  ^ases. 

(2;  As  the  ilistauce  between  the  electrodes  increasoB, 
the  spark  branches  at  the  angles,  throwing  offline  rami- 
fioatious  iu  the  direction  of  the  uegative  side  ;  uutil  finally 
the  discharge  takes  the  form  of  a  tuft  or  brush  formed 
of  fiine  parallel  sparks,  attached  to  the  positive  electrode 
by  a  single  stem,  aud  not  quite  reaching  the  negative 
ielectro<le.  In  air  this  brush  is  purple  in  color,  and  is 
"Rccompauied  by  a  dull  snap  quite  unlike  the  shiirp  crack 
of  the  si>ark-discharge.  Moreover,  the  discharge  effected 
by  the  brush  is  incomplete.  Its  intermitteuce  is  estab- 
lished by  the  musical  uote  given  when  the  phenomeuou 
iH  persistent,  which  rises  in  pitch  as  the  electrodes  are 
Approached.  Under  ordinary*  circumstauces  the  brush- 
discharge,  according  to  Faraday,  tikes  place  between  a 
coadactor  and  the  air,  only  a  single    electrov\ft,  ft.\^\^v^.- 
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reutly,  being  coucerued.  In  thiH  chap  tbn  appeankuct^  is 
practically  the  same  with  a  metallio  point,  wlietlier  tlie 
eleotriticjitiou  bo  positive  or  negative.  Wben  botkelM- 
trodes  are  immediately  concenied,  however,  the  uegatitt 
brnsb  is  poorer  and  smaller  than  the  positive. 

(3)  On  reducing  the  area  of  the  electrified  sarfaff, 
increasing  its  electriticatiou,  or  diminishing  the  nir-jireK- 
sure  npon  it,  the  spark  passes  into  the  t^low,  the  ilifr 
charge  appcnriug  like  a  phoaphoreacent  lambent  flame. 
corering  more  or  less  of  the  electrode  and  extemliu^ft 
small  distauoe  into  the  air.  It  appeurx  to  depend  od  a 
rapid  and  continuous  charging  or  dijscharging  of  the  air 
in  contact  with  the  conductor.  It  is  unacoompauie*!  In 
souud,  and  is  apparently  not  intermittent  It  is  mon 
readily  produced  in  air  at  ordinary  pressures  on  snrfaiKS 
positively  electrified,  although  in  rarefied  air  a  negatiw 
glow  is  easily  obtained.  With  a  brass  ball  6-2/)  centimiv 
ters  in  diameter,  in  air  nnder  a  pressure  of  only  110  mil- 
limeters of  mercury,  the  p(»sitive  glow  covers  its  entire 
surface.  And  using  a  ball  of  half  this  size,  in  a  higher 
vacuum,  the  ball  being  positively  electrified  bv  indac- 
tion,  a  glow  gradually  comes  over  its  surface,  iucreAaiuj; 
constantly  in  brightness;  until  finally  it  becomes  wit 
luminous,  standing  up  like  a  low  flame  a  centimeter  or 
more  in  height  On  tonclung  the  walls  of  the  glass  vess*! 
it  assumes  a  ring  form*  appears  flexible,  and  revolrec 
slowly  on  its  axis  (Faraday),  In  ordinary  air  the  g]o» 
is  accompanied  by  a  current  of  air  either  directly  from 
or  directly  toward  the  glowing  ]>ortion  of  the  conductor: 
this  current  in  the  former  case  being  connected  with  the 
charge  and  in  the  latter  with  the  di>icharge  of  the  air; 
so  that  if  the  access  of  air  to  the  conductor  be  prevented* 
the  glow  disappears.  And  by  producing  a  current  of 
air  at  the  end  of  a  conductor,  a  brush  may  be  converted 
into  a  glow. 

(4)  As  the  electrodes  diminish  in  size  and  the  distance 
between  them  is  increased,  a  continuous  glow  is  obserW'd 
on  the  noftatl've  texminal,  while  the  positive  terminal  au'l 
the  inteTvenmij  ft^a^e.  TEe»misAu  "aAaMvt^^^  ^-sctk.      Further 
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tcreaae  of  dlBtance  develops  a  purple  discbarge  on  the 
lositive  electrode  ;   but  tliia,  however,  never  joins  the 
legative  terminal,  a  dark  space  remaining  between  them 
[nlways.     Thin  discharge,  therefore,  appears  to  take  })lace 
ibet^'een  the  air-particieH  themselves,  and  this,  too,  with- 
out rendering' them  luminous.    Wright  (1870)  bus  Htudied 
the  dark  discharge  obtained  witli  a  Holtz  machine  hav- 
ing H  50-centimeter  rotating  phite,  tlie  terminals  being 
^separated  from  ten  to  tifteen  aud  even  twenty  centime- 
ters.    Under  these  circumstances  the  positive    pole   is 
covered  with  a  diffuse  glow,  stj  thin  as  to  appear  ilhimi- 
iiated  by  a  light  shining  from  the  direction  of  the  opposite 
pole.      A  single  jet   appears   upon   the   negative   ball, 
although  the  iuterpohir  space  is  dark  and  the  discharge 
la  rtileut.     Very  curiously,  however,  when  an  object,  such 
r«8  a  paper  grating  for  example,  is  interposed  between 
electrodes  it  interrupts  the  glow,  aud  its  outlines  are 
sharply   d*^tiiietl   upon    the    positive    ball,   closely 
resembling  a  light-shadow,  moving  as  the  object  moves^ 
and  varying  in  size  with  the  distance.     If  the  jet  issues 
from  the  sitle  of  the  negative  ball,  tlit^  lines  along  which 
the  transfer  is  effected  are  curved  lines,  issuing  normally 
from  the  one  terminal  and  abutting  normally  upon  the 
other,  the  electric  shadow  being  on  ti»e  side  of  the  positive 
ball.     The  form  of  these  curves  is  easily  determined. 

Moreover,    the   electric    discharge   effects    chemical 
cluiuges.     Schoubeiu   (1840)  showed  that  the  peculiar 
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odor  observed  after  such  a  discharge  Is  due  to  ozone; 
aud  that  by  means  of  tlie  dark  or  silent  discharge  tifteen 
per  cent  of  oxygen  may  be  converted  into  this  moditica' 
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tion.  Biemens's  ozone  tube  (Fig.  271)  oouftiata  d  t»o 
conceutiic  glass  tubeft,  the  inner  surface  of  the  inner  iv\» 
und  the  outer  surface  of  the  outer  cue  beiug  C4>Tere4i 
with  tinfoil.  Between  these  surfaces  a  slow  correal  <4 
eoUl  (iud  dry  oxygen  passes,  being  subuiitted  in  ite 
transit  to  the  action  of  the  spark. 

5:21.  Nature  oftheSpnrk. — If  the  light  of  the  spai^ 
be  examined  with  the  s|>ectroscope,  it  will  be  fouud  tt» 
give  lines  characteristic  of  the  metals  forming  the  eleo 
trodea.  In  this  way  Masson  (1851)  mapped  the  spectra 
of  cadmium,  antimony,  bismuth,  lead,  tin,  iron,  zinc,  aihI 
copper,  and  showed  that  the  constitution  of  these  plt*C' 
trie  spectra  is  independent  of  the  source  of  the  elec- 
trification and  in  part  also  of  the  surrounding  mediniu. 
The  color  of  the  spark  is  due  to  the  material  of  Utf* 
electrodes  volatilized  and  transferred  by  the  ilischnrge; 
this  material  forming  abridge  over  whicli  the  ©leclTifl- 
catiou  travels.  With  a  strong  spark  in  ordinary  air,  tii« 
electrode  lines  are  very  bright  and  are  the  only  omb 
readily  detected.  As  the  discharge  is  weakened,  either 
by  increasing  its  length  nr  by  rarefying  the  air  through 
which  it  passes,  its  color  becomes  pnridish,  and  otber 
linos  make  their  appearance  in  the  spectrum  which  ut 
due  to  the  nitrogen  and  the  oxygen  of  the  atmosphrw. 
Sti  that  in  general  the  discharge  in  a  rarefied  gas  giv^ft 
light  characteristic  of  the  gas  employed,  and  therefon*  ft 
cluiracteristic  spectrum.  But  even  in  this  case  the  lin^ 
of  the  electrode  metals  are  not  absent.  Wrigl»t  <187Tl 
has  shown  that  even  in  a  vacuum  of  only  1*5  tt^  2  mm. 
of  mercury  the  transfer  of  matter  fi'om  the  electrodes 
though  principally  from  the  negative  side,  is  sulBcieiit  tc* 
completely  coat  a  glass  surface  of  four  or  ^\*^  sqasrs 
centimeters  in  fifteen  minntes.  The  metal  employed 
influences  the  result,  bismuth,  gold,  and  j>latinum  beini: 
among  the  metals  most  readily  deposited  in  tilins  in  this 
way,  and  aluminum  and  magnesium  among  those  de- 
posited with  the  greatest  diniouUy.  In  Taoanm  iabefl^ 
therefore,  the  wires  from  which  the  discharge  takes 
place  are  usually  made  of  aluminum  within  the  tube  and 
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of  pintiunm  without  it.  Even  then  there  is  a  trace  of 
inetaliic  dischurge  within  a  vacuum-tube  contrived  ex- 
preshiy  to  I'uniish  only  gaseous  .^pectru.  To  elimiuate 
tbis  the  capillary  portion  of  the  tube  containing  the 
gas  Ui  be  examined  is  lighted  by  iuductiou,  the  elec- 
IrudeH  being  entirely  iuclused  within  biilba  of  glass.  In 
rarelied  hydrogen  the  upark  is  crimson,  iu  nitrogen  it  is 
purplish  red,  in  oxygen  a  greenish  whitt;,  iu  carbon  di- 
oxide a  green,  iu  silicon  fluoride  a  blue,  etc. 
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522.  ACuiosphfric  Electricity. — The  phenomena  of 
disruptive  distdiargo  are  exhibited  on  a  grand  scale  in 
nature  iu  the  thunder-storm.  In  1740  Franklin  enumer- 
ated the  points  of  agreement  between  '*  the  electrical 
fluid"  and  lightuiug  as  follows:  "1.  Giving  light.  2. 
Color  of  the  light.  3.  Crooked  direction.  4.  Swift 
motion.  5.  Being  conducted  by  metals.  6.  Crack  or 
noiso  in  exploding.  7.  Subsisting  iu  water  or  ice,  8. 
Rending  bodies  it  passes  through.  9.  Destroying  ani- 
mals. 10.  Melting  metals.  11.  Firing  inflammable 
nubstances,  12.  Snlphnroous  smell."  To  this  he  adds: 
"The  electric  fluid  is  attracted  by  points.  We  do  not 
know  wliether  this  property  is  in  lightning.  But  sincft 
they  agree  in  all  the  particulars  wherein  we  can  already 
rorapyire  them,  is  it  not  probable  that  they  agree  likeu 
wi»e  in  this?  Let  the  experiment  be  made."  The  fol- 
lowing year  he  suggested  the  placing  of  a  kind  of  seutrj'- 
box  on  the  top  of  some  high  tower  or  steeple,  this  box 
l>eing  j>i'ovided  with  an  electrical  stand,  from  which  an 
iron  rod  rises  to  a  height  of  si^  or  eight  meters,  pointed 
very  sharp  at  the  end  ;  so  that  on  the  passage  of  low 
clouds  sparks  could  be  drawn  from  the  rod.  In  May 
1752  this  experiment  was  made  by  D*Alibard  at  Marly, 
And  the  sparks  were  obtained.  In  .October  of  the  same 
year  Franklin  himself  obtained  tlie  same  result  by  means 
of  the  famous  kite  experiment.     "And  when  the  rain/* 


'Mnts  wet  the  kite  and  twine,  so  that  it  can 


(ifi2 


puTsrcs, 


conduct  the  electric  fire  freely,  you  will  find  it  tstttda 
out  plentifully  froiu  the  key  on  the  ftppruach  of  voar 
kuuckle.     At  this  key  the  phial  may   he  chared;  a»d 
from  electric  tire  thus  obtained  spirits  may  be  kiudl^l 
and  all  the  other  electrical  experiments  be  p»^rf 
which  are  usually  done  by  the  help  of  a  rubbt.i  . 
^lobe  or  tube*  and  thereby  the  sameuess  of  the  eJectnc 
matter  with  that  of  liglitning  completely  demoDstnitiMl7 
A  lightning  Hush,  like  the  spark  of  a  Leyden  jar,  is 
simply  a  disruptive  dincliarge  between  opposite  HurfacM 
highly  electrified.     These  surfaces  may  belong  t«i  two 
clouds  or  to  a  cloud  and  the  earth ;  so  that  the  lightuing 
may  pass  between  clouds  or  from  a  cloud  to  tlie  eartiL 
Like  the  discharge  of  a  jar,  the  lightning  fiji^h  is  o^dk 
lat4)ry,  altlnnigh  tliere  is  a  preponderauco  in  one  direr- 
tion,  apj)arently.     The  phot*)graph  of  lightning  cIoKeU 
resembles  that  of  a  long  spark,  being  irregular  in  di- 
rection  and   crmtainiug   no   retreating   portions.     Suck 
a  photograph  is  shown  ia  Figure  272.     It  was  iakeu  \*y 
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Jennin^  in  Philadelphia  in  1892,  and  represents  a  hori- 
zontal flash  passing  from  one  cloud  to  another.  The 
<luratiou  of  tlie  flash  is  very  considerable.     Bood  states 
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that  he  has  Daeasured  Hashes  which  endured  for  an  en- 
tire second;  and  that  these  discharges  were  multiple  in 
cliarHO-ter,  three  to  h\il  distinct  components  having  been 
counted,  these  components  lasting  from  the  oue-thou- 
Hnudth  to  the  one-twentieth  of  a  second.  The  spectrum 
of  lightning,  as  observod  by  Hnldon  and  others,  consists 
of  bright  lines  apparently  agreeing  with  those  of  the 
spark  taken  in  raretifid  air.  Herschel  observed  the  blue 
line  of  nitrogen  and  tlie  red  line  of  hydrogen  on  the 
background  of  a  continuous  spectrum.  Kundt,  from  an 
observation  of  fifty  tiushea,  classifies  ligljtning  spectra 
aa  line  spectra  and  baud  spectra ;  the  ditlereuce  being 
dae  to  the  mode  of  discharge,  whether  between  the  earth 
and  a  clond  or  between  two  clouds.  In  the  former  case 
the  tension  is  Ligb,  and  a  f<u'ked  tlash  darts  to  the 
ground,  developing  great  heat,  and  raising  the  oxygen, 
nitrogen,  watery  vapor,  and  carbon  dioxide  of  the  air  to 
vivid  incaiiilescence.  When,  however,  the  discharge 
takes  place  between  two  clouds,  it  occurs  usnally  in  the 
form  of  a  brush  ;  and  the  spectrum  of  tlio  brusli-dis- 
charge  is  always  a  banded  spectrum. 

We  owe  to  Lord  Kelvin  the  most  complete  investiga- 
tion of  the  electricity  '^f  the  atmosphere.  He  finds  that 
tlie  whole  surface  of  the  earth  is  electrified,  and  that  it 
is  electrified  negatively,  as  a  rule;  though  in  time  of 
rain  it  may  })ecome  locally  positive.  Moreover,  the 
deuHity  of  the  earth*s  electrification  varies  greatly  at 
different  times  and  in  difierent  localities.  In  Arrau,  for 
example,  he  has  found  it  to  vary  from  a  given  value  to 
double  this  value  and  back  in  one  minute:  a  local  result, 
due  probably  U^  electrified  atmospheric  masses  moving 
idoug  within  a  few  miles  of  the  observer.  The  snildeu- 
neas  of  these  changes  shows  that  their  origin  cannot  be  at 
A  great  disbuice.  In  general,  however,  and  even  in  con- 
tinned  fair  weather,  tlie  earth's  electrification  is  inHu- 
enced  very  largely,  as  it  would  seem,  by  external  electri- 
fied matter  somewhere, — probably'  at  a  distance  of  not 
many  radii  from  its  surface.  "We  must  supi)0se  that 
there  is  always  f9smti*illy  in  the  higher  aerial  regions  a 
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iliMtributiou  arising  from  the  self  relief  of  the  onter 
highly  laretied  air  by  dlHruptive  vliKchitrge.  This  pUc- 
ti'ic  Htratiun  niurtt  coustitute  ven'  nearly  the  electropoUr 
couiplement  to  hU  the  electricit}'  that  exists  ou  the  earih '^ 
burfHce  aud  m  the  lower  Hti'ata  of  the  atmospben* ;  iu 
other  words,  the  totjd  quantity  of  electricity  reckoceil  aa 
excess  nf  poHitive  above  negative  or  of  negative  ahot« 
positive  iu  un3'  large  portion  of  the  atmosphere  and  on 
the  i>ortion  of  the  earth's  surface  belo-w  it  mast  be  very 
nearly  zero," 

The  origin  of  this  atiuospheric  fdectricitr  is  not 
certainly  known.  Its  amount  and  distribution  mij 
readily  l>e  measiired  by  a  ThoiuKon  quadrant  electrom- 
eter, suitably  arranged.  For  this  purpose  one  side  of 
the  electrometer  is  put  to  earth  and  the  other  is  cod- 
uecte<l  with  a  burning  match  or  an  insulated  tube  from 
which  a  stream  of  water  issues,  situated  at  the  jwint  in 
the  air  whoso  potential  is  desired.  If  a  condnctor  ftitbe 
potential  t»f  the  earth  be  insulated  at  a  point  where  ihe 
potential  is  ditf(»rent  from  this,  and  if  it  be  made  to  throw 
off  continuously  ])ortions  of  matter  from  its  surface,  the 
difference  of  potential  between  its  condition  aud  that  of 
the  medium  at  the  point  will  s{>eedily  be  reduced  to 
eero ;  iu  other  words,  the  conductor  will  rapidly  be 
brought  to  the  potential  of  tho  surrounding  air.  The 
rapid  transference  of  electrificatiiui  by  flame-convection 
is  a  well-kuown  phenomenon ;  the  air  of  a  room  lioing 
rapidly  electrified  by  placing  a  lighted  metallic  spirit- 
lamp  on  the  positive  or  negative  side  of  an  electricul 
machine  in  active  operation.  For  the  same  reason,  pjwss- 
ing  an  electritied  body  through  a  flame  completeh'  dis- 
charges it ;  probably  the  only  method  of  entirely  freeing 
a  non-conductor  from  electrification,  Thorason*8  water- 
dropping  collector  consists  of  a  vessel  of  water  carefully 
insulated,  and  provided  with  a  tap  and  narrow  tube, 
through  which  the  water  may  be  made  to  issue  in  fine 
dri)ps.  The  vessel  is  placed  within  the  house  witli  the 
tube  projecting  outside  at  a  suitable  height  above  the 
ground.     On  connecting  it  to  the  electrometer,  an  in- 
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creasing  difFerenoe  of  potetitiul  iu  ttbserved  between  the 
pairs  of  quadrants,  which  when  the  luaximuin  is  reached 
Ottu  be  r*^ad  off  in  ubHolute  electrnsUitic  units,  lu  the 
experiments  at  Arran,  the  difference  of  potential  ordi- 
narily observed  between  thc^  earth  and  the  air  throe 
meters  above  it  was  from  0*75  Ui  I'O  electrostatic  units  ; 
or  from  one  quarter  to  one  half  of  an  electroHtutic  unit 
per  meter  of  height.  In  fair  weather  with  an  easterly 
wind,  the  ilifference  of  potential  reached  sometimes  six 
to  ten  times  tlie  above  maximnm  value  ;  or  from  nine  to 
fifteen  electrostatic  units. 

The  function  of  clouds  seems  to  be  to  collect  and  to 
concentrate  the  diffused  electrification  t)f  the  atmosphere. 
Moreover,  it  is  easy  to  see  that  adnilttiag  a  charge  upon 
the  vapor  particles,  their  simple  condensation  and  ag- 
gregation must  result  in  the  production  of  a  very  liigh 
potential.  Suppose,  for  oxaujple,  that  a  thousand  such 
spherical  p?irticles,  each  having  unit  charge,  coalesce  to 
form  a  single  drop  of  water.  The  diameter  of  this  drop 
will  be  ten  times  that  of  a  single  particle,  and  its  capacity 
will  be  ten  times  as  great,  since  the  capacity  of  spheres 
is  proportiimal  to  their  radii.  But  the  charge  upon 
the  drop  being  the  united  charges  of  the  thousand  parti- 
cles, each  of  unit  value,  will  l>e  a  thousand  units.  Whence, 
since  F=  Q/C,  the  potentiii!  of  the  drop  will  be  1000/10. 
or  100  times  that  of  the  particle.  It  is  evident  therefore 
Hiat,  since  the  vapor-particles  are  exceedingly  minute, 
we  may  have  in  their  condensation  into  water-drops  a 
cause  competent  to  produce  the  high  potential  ob.served 
in  lightning  discharges,  even  when  the  Hash  is  one  or 
two  kilometers  in  length.  This  jiotential,  moreover, 
need  not  be  as  high  as  is  sometimes  supposed.  Lord 
Kelvin  has  shown  that  the  difference  of  potential  per 
oentimeter  necGs.sary  to  produce  a  spark  in  air  tends 
toward  a  linuting  value  of  130  electrostatic  units. 
Whence  it  follows  that  to  produce  a  flash  of  lightning  a 
kilometer  long  would  require  a  difference  of  potential  of 
only  about  thirteen  million  electrostatic  units. 


PBTSICS, 


52a.  Protection  from  Li^^litiiitt^. — In  1749  Franklin 
first  Hum^t^Hted  the  iiwe  <»f  poiuttMl  rods  of  irou,  placed  nn 
the  liighest  parts  of  buildiiigs  aud  connected  with  the 
ground,  as  u  protectiou  from  lightning.  Until  rec*«ntl;, 
it  was  supposed  that  the  most  perfect  protection  attwu- 
able  was  secured  (1)  by  having  the  conductor  pntject 
considerably  above  the  building  and  terminate  in  a  shaip 
point;  (2)  by  having  it  made  of  a  good  conductiiig 
material,  such  as  copper,  audof  a  suilicient  cross-sectiLio; 
and  (3)  by  having  it  enter  the  ground  so  as  to  reach  jwr- 
maneut  moisture  with  plenty  of  contact.  Now,  however. 
Lodge  has  called  attention  to  certain  new  features  of  the 
discharge  arising  from  its  oscillatory  character,  which 
require  considerable  modification  in  the  means  of  pro- 
tection. In  the  first  place,  rapidly  altei-natiug  dischar^'ec 
confine  themselves  to  a  thin  outer  layer  of  the  coudnctor, 
— thinner  in  the  case  of  iron  than  of  copper.  Hence  bW" 
face  rather  than  cross-section  is  of  importance  iu  a 
lightning  conductor,  and  iron  is  a  better  material  than 
copper.  Moreover,  owing  to  the  exceedingly  high  poteu- 
tiala  involved  and  the  brief  duration  of  the  discharge,  no 
c<mduct<^r  can  furnish  an  easy  path  for  lightning.  8ide 
fiashes  will  pass  ofl'  from  even  a  stout  copper  rod  well 
grounded,  to  imperfect  conductors  and  even  to  insnluted 
bodies.  If  a  copper  bar  2*5  centimeters  thick  have  a 
greater  length  of  the  finest  platinum  wire  placed  with 
its  ends  near  it,  some  of  the  discharge  will  leave  the  bar 
and  spark  across  a  minute  gap  at  each  end,  in  ftrder  Id 
utilize  the  hair-like  platinum  wire.  Hence  sharp  benda 
and  comers  should  be  avoided,  and  the  conductor  should 
proceed  to  earth  by  the  most  direct  path.  Since  th«* 
attempt  is  liopeless  to  make  the  lightning-rod  so  much 
the  easiest  path  that  all  others  are  protected,  all  possible 
pjitlis  should  be  separately  cared  for.  Tall  pointed  rods 
are  not  as  eflicient  as  a  number  of  smaller  ones  along  the 
ridge  of  a  roof.  It  is  not  always  safe  to  connect  metallic 
surfaces  to  the  conductor,  though  it  is  always  safe  to 
earth  them  independently.  W'ater-pipe»  and  gas-pipes 
.<*hould  be  connected  together,  but  not  to  the  lightning-rod, 
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except  under  ground.  For  an  ordinary  house  the  cheap- 
est way  to  protect  it  is  to  run  common  galvanized-iron 
telegraph-wire  up  all  the  corners,  along  all  the  ridges 
and  eaves,  and  over  all  the  chimneys,  taking  these  wires 
down  to  the  earth  in  several  places,  and  at  each  place 
burying  a  load  of  coke  around  the  wire  in  order  to 
establish  at  each  point  an  efficient  connection  with  the 
ground. 


ENERGY  OF  ^THER-VORTICES.— MAGNETISM. 
Section  L— Magnetization. 

a. — magnets  and  magnotc  ficbstances. 

524.    HiHtorioal. — Uuder  the  name  Mayrffs  AWo?, 
Dioscorides  mentions  n  niinf^ral  occurring  uonr  tJje  citr 
of  Maguesia  in  Lydia,  Asia  Mluor,  which  possessed  the 
])ropertT   of   attracting   iron.     This   miuorul,   knoirn  as 
nia^^netic  iron-<»i*(*  or  magnetite,  althou^^h  abundant,  drwi 
not  always  attract   iron.     Wlieu  it  does   so,   it  consti- 
tutes a  natural  magnet,  and  is  known  as  lodestone.    Al- 
though as  early  as  tlie  tenth  or  twelfth  century  it  a{>- 
]>ear8  to  have  been  known  that  a  fragment  <if  lodestoiif* 
suspended  by  a  thread  would  place  its  axis  in  a  north  iiinl 
south  direction,  yet  it  was  not  until  the  apjiearance^^ 
Dr.  Gilberts  book  "De  Magnate"  in  the  year  10CK)tl^| 
magnetism   became   a    recognized   branch    of    scieiicf. 
CJiibert   observed    that   the  magnetic   effect  ia  concen- 
trated in  two  opposite  regions  4>f  the  magnet,  wliiuh  lift 
called  its  poles,  and  that  midway   between   ih^^  pedes  a 
non-active  region  exists,  which  he  called  tlie  equator.    To 
the  line  connecting  the  poles  he  gave  the  name  of  ma|;- 
netlo  axis.     Moreover,  he  discovered  that  the  region  sur- 
rouufling  a  magnet  possesses  activity ;  and  by  meant*  of 
iron  tilings  he  mapped  out  this  region  and  studied  the 
effects  produced  by  it.     In  17;^3  Brandt  discovered  t 
cobalt  was  attracted  by  the  magnet,  and  in  1750  C 
ste<lt  added  nickel  to  the  list.     Brugmaus  in  1778  called 
jittention  to  the  fact  that  bvatauth  was  repelled  by  the 
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xnaguet.  Farnday  vx  1H45  continued  thiu  ob»ervatiou, 
and  extruded  it  to  phv»sj)horus,  itutiriiouy,  uud  cf)j>j)er ; 
tliuu  dividing  substuuivs  into  paramuguetic  and  diaiuag- 
netic  bodies, — spheres  of  the  former  being  attracted  and 
those  of  the  latter  repelled  by  a  niugnot. 

525.  Magnetic  Siibstaiu-eH. — Substances  which  are 
affected  by  the  magnet  are  called  magnetic  Hubstaucea. 
Tliey  aio  divided  into  two  classeH,  called  respectively 
paramagnetic  and  diamagnetic  substances,  according  as 
they  are  attracted  by  the  magnet,  like  iron,  ur  are  repelled 
by  it,  like  biamuth.  Diainagnetic  effects  are  exceedingly 
feeble  as  compared  with  paramagnetic  ones,  although 
paramagnetic  aubstauces  are  much  fewer  iu  number  than 
those  poaseasing  diamaguetic  }>r<jperties.  Auiuug  ]>ara- 
maguetic  metals  are  iron,  nickel,  cobalt,  iiiangaueHe, 
chromium,  and  cerium  ;  the  last  being  weakest.  Among 
diamiiguetic  metals  in  increasing  order  are  tungsten, 
iridium,  rhodium,  urauiuiii,  arsenic,  gold,  copper,  stiver^ 
lead,  mercury,  cadmium,  tin,  zinc,  antimony,  and  bis- 
muth. 

520.  Magnetic  Properties. — Bodies  which  attract 
iron  are  said  to  possess  magnetic  properties  and  are 
called  magnets.  A  fragment  of  lodestone,  for  examjde, 
ia  a  natural  magnet.  Moreover,  the  property  is  com- 
municable ;  so  that  a  uail  snspendrd  from  either  pole  of 
the  lodestone  will  itself  support  another  uail  at  its  farther 
end.  The  iron  nail,  however*  is  nnly  a  temi>orary  mag- 
net, Hince  it  loses  its  magnetic  property  on  removing  it 
from  the  lodestone.  If  the  experiment  be  repeated  with 
H  rod  of  steel,  however,  more  or  h^ss  nf  the  magnetic 
property  will  be  ])ermauently  retained,  and  tlie  steel  rod 
■will  become  a  permanent  magnet.  Steel,  however,  is  not 
as  easily  magnetized  as  iron  to  the  same  degree. 

527.  f'hararterlstlcs  of  n  Matrnrt. — On  dipping  a 
straight  steel  magnet  into  inin  tilings,  the  magnetic  effects 
will  be  observed  tt>  reach  a  maximum  at  its  extremities, 
and  to  be  etjual  at  these  two  ends.  The  magnetic  jjroper- 
tiea  of  such  a  bar  diminish  rapidly  toward  its  center,  at 
which  point  the   magnet  will  sustain  no  filings.     The 


ij3i) 


pjirsjcs. 


ends  of  the  bar,  when  it  Ls  freely  Buspended,  point  u>- 
u'lird  tlie  poles  of  the  enrth  ;  aud  hence  these  ends  tf« 
called  polei,  uud  the  rnHj^tiet  is  said  to  exhibit  poluity. 
A  diKlirigtiisluug  uiiirk  in  placed  on  the  end  which  turns 
toward  the  north,  and  this  end  is  called  the  marked  or 
uorth-Heeking  polo.  If  the  bar  be  indetiuitely  thin  and 
long,  aud  bu  uniformly  niaguetized,  the  whole  maf^etic 
effect  may  be  assumed  to  reside  at  its  ends,  and  iLt- 
magnet  may  be  viewed  aH  a  ptur  of  poles  of  equal  mag- 
netic mass  united  by  a  bar  exerting  no  action.  The 
Hue  in  a  bar  magnet  w  hich  placeR  itHolf  in  the  m^ridiau 
when  the  bar  is  suspended  is  called  the  magnetic  uii 
of  the  bar ;  the  magnet  may  or  may  not  be  symtnetricjil 
about  it.  Strictly  Rj)eakinp;,  it  is  the  extremities  of  this 
axis  wliich  constitute  the  p«)les. 

528.  Oiiat  Nature  of  Ma|i:iietiatii. — If  two  suspended 
bar  magnets  be  brought  near  each  other,  it  will  be 
oltserved  that  the  two  north-seeking  ends  or  the  two 
south-seeking  endR  will  repel  each  other ;  while  the 
north-seeking  end  of  the  one  will  attract  the  south-seek- 
ing end  of  the  other.  Hence  the  general  law  that  like 
magnetic  poles  repel  and  unlike  magnetic  poles 
attract  each  other. 


B. — aiAONETIC  FIELD. 


02O,  Magnetic  Action  traverses  Space, — Magnetic 
attraction,  like  gravitation,  is  exerted  through  the  sur- 
rfMintling  medium,  whatever  its  nature.  The  space 
nrmunding  a  magnet,  therefore,  is  traversed  by  the 
UiAgnetic  forrfts,  so  that  a  magnetic  pole  placed  any- 
where 3b  th^  licinity  of  a  magnet  exjjeriences  a  foro« 
tending  to  ir'»ve  it.  Such  a  region,  in  which  a  magnetic 
pole  tends  to  move  in  a  fixed  direction,  or  in  which  » 
freely  suspended  magnet  takes  up  a  definite  position, 
is  called  a  magnetic  field.  Clearly,  therefore,  the  uni- 
versal tendency  of  a  magnetic  needle  to  turn  upon  it« 
pivot  so  as  to  \)lace  its  axis  in  the  north  and  s(»nth 
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lirectiou,  is  a  proof  of  tLe  existence  of  a  magnetic  field 
urroutuliug  tLe  etirtL. 

S30.  Force  in  u  Magnetic  Fiehl. — The  force  acting 
Upon  a  nmguetic  pole  iu  u  njaguetic  tield  is  juiutly  pro- 
portional to  the  maguetic  uiass  of  tl»e  pole  auti  t(»  the 
strength  of  the  Held.  So  that,  calliug  m  the  maguetic 
luiuss  of  the  pole  and  //the  streugtli  of  the  tield,  both 
la  C,  G.  S.  uuits,  the  force  in  dyues  experienced  by  tliis 
pole  in  this  field  will  be  mil.  Evident!}',  therefore,  a 
pole  is  of  unit  magnetic  mass  wlien,  if  placed  in  u  lield 
f  unit  strength,  it  is  acted  on  by  unit  force,  i.e.,  by  a 
dyne;  and  a  tield  is  of  unit  strength  when  a  nnit  mag- 
Itetic  pole  placed  iu  it  is  acted  upon  by  unit  force. 
This  unit  magnetic  mass  of  pule  is  called  a  webcr,  and 
Ihis  unit  strength  of  field  a  gauss.  Since  U  =f/in,  the 
treugth  of  field  iu  gausses  is  the  ratio  i>f  tlie  force  ui 
tlvnes  experienced  in  the  field  by  a  pole  of  magnetic 
Ina-ss  m  to  the  maguetic  mass  of  the  pole  itself,  ex- 
pressed in  webera ;  i.e.,  ia  the  force  experienced  by  unit 
pole  in  this  field. 

The  direction  in  which  a  pole  will  tend  to  move  il 
placed  iu  a  magnetic  field  depends  upon  the  cltaracter 
of  the  |K)le,  an  unmarked  pole  experieucing  a  force  ia 
the  opposite  direction  to  a  marked  one.  It  is  agreed  to 
call  the  direction  iu  which  a  marked  or  uorth-seekiug 
polo  would  move  iu  a  field  the  positive  direction.  A 
maguetic  tield  is  said  to  be  completely  determined  when 
we  know  (1)  the  force  experienced  by  a  unit  jwle  ]>laced 
in  this  field,  and  (2)  the  direction  iu  whicli  tho  resultiiut 
force  acts  througli  it. 

o3l.  Action  on  Two  Poles, — Moments. — Couple. — 
An  actual  magnet,  as  we  have  seen,  has  two  poles.  When 
placed  in  a  magnetic  field,  those  two  poles  being  of  op- 
posite name,  experience  forces  in  opposite  directions,  the 
marked  polo  tending  to  move  in  the  positive  direction 
and  tlie  unmarked  pole  in  the  negative  direction.  The 
total  force  acting  upon  the  magnet  is  then  of  the  nature 
of  a  couple,  tending  t.o  produce  rotation.  Thu  arm  of 
tko  couple  is  the  distance  between  the  poles;   so  tliat  if 
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m  be  tlie  cuaguetic  masa  of  either  pole  und  I  the  dist&uoe 
btitweiju  the  pules,  the  moment  of  the  luaguet,  which  is  thn 
product  of  either  pole  hy  the  duitaiice  lietweeu  theui,  will 
be  ml\  Hud  the  luoiueut  of  the  couple,  beiug  tlie  product 
of  the  force  vill  uctiug  ou  either  jxjle  by  the  distauee  \  be. 
Iweeu  tlie  poles,  will  bo  mUL  Ur,  calliug  J/  the  proJaet 
ml^  which  ib  the  Uiouieut  of  the  miiguet,  uud  G  the  mnmi'Ot 
of  the  couple,  G  =.  M H.  ObMooiilj, 
siuce  the  arm  of  a  couple  in  alw^jki* 
])erpeudicuiar  to  the  directiou  of  it» 
inn  forces,  tliis  8«ppo.ses  the  axis  of  the 
magnet  to  be  [»erpeudicular  to  the  di- 
rection of  the  force  of  the  field.  If 
it  is  parallel  to  this  directioa  the 
couple  Ih  zero,  and  the  magnet  ei- 
periences  no  rotatiDg  force*  Thft 
force  is  a  niaximum,  coii>sequeuttv. 
when  the  angle  which  tht*  luagiiet 
makes  with  the  directiou  of  the  field 
is  a  maximum,  i.e.,  is  90";  it  is  tlicn*- 
fore  a  function  of  the  sine  of  tlmi 
angle.  h\  the  figure  (Fig.  273)  tbf* 
tuagnet  1h  inclined  to  the  direction  of  the  field  bv  au 
angle  tt.  Hence  the  arm  of  tlie  couple  ih  /  sin  a,  ftutl 
the  moment  of  the  couple  is  ttilH  nin  a  or  3fil  sin  a, 

532.  Iiiteusil.v  of  Mauiu'tizattoii. — The  eflertivenofia 
of  a  magnet  ia  measured,  not  by  ita  magnetic  moment 
aloner  but  by  the  ratio  of  its  magnetic  moment  to  its 
volume ;  ho  that  tlie  mean  Intensity  of  magnetization,  aa 
this  ratio  is  called,  is  expressed  in  terms  of  a  uiagn*'t«>f 
unit  volume  and  of  unit  magnetic  moment ;  Le.,  in  the 
C  G.  S.  system,  of  n  magnet  one  cubic  centimeter  in 
volume  having  imit  magnetic  poles  upon  its  ends.  ThuH 
calliug  ?/*/  the  moment  of  a  magnet  and  /t  its  cross-section,  j 
its  volume  v  will  be*?;  whence  the  intensity  of  its  mag- 
uetizatif^iu  /,  or  the  magnetic  moment  per  unit  of  voluuif", 
is  ml/fit,  or  m/s.  If  we  call  the  moment  of  the  magnet 
j\f,  we  have  M  =  Id ;  whence  it  appears  that  the 
moment  ol  a  n\ft^A\eV  \ss  w  vLvtv^Aii  (unction  not  onlv  i>f  tin- 
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ength   of  the  magnet,  but  also  of  the  iutensitj  of  the 

nefcizatiou,   aud   of  the   oross-seotiou.     Since  al  ia 

the  volume  of  the  luaguet,  however,  this  is  equivalent 

tu  »aviug   that  when  the  magnetization  is  unifunu,  the 

magnetic  moment  is  proportional  to  the  volume. 

533,  Mai^aetic  Deusity. — By  analogy  with  electric 
'deuttity  we  may  speak  of  miiguetic  density  as  the  amount 
of  tiuperhciai  maguetization  at  a  pole  divided  by  the  sur* 
fiice  there ;  i.e.,  the  amount  of  maguetizatiou  upon  unit 
of  surface.  Calling  m  the  magnetic  mass  of  the  pole 
aud  s  the  surface,  we  have  cr  =  vi/a.  But  we  have  just 
seen  thai  I  =.vi/s,  wlience  <r  =  /;  or  the  superlicial  mag- 
netic density  of  the  bar  is  equal  to  the  intensity  of  its 
magnetisation.  Hince  m  =  sl^  the  magnetic  mass  of  a 
pole  is  the  product  of  the  intensity  of  magnetization  by 
the  cross-aectiou  of  the  maguet. 

G34.  Lines  of  Force. — lu  a  niagnetic  tiehl  a  magnet 
£ree  to  move  will  place  its  axis  parallel  to  the  resultant 
force  if  this  resultant  is  a  straiglit  liim,  or  taugeut  U%  it 
if  it  is  a  curve.  Faraday  proposed  to  represent  the  di- 
rection of  this  resultant  force  at  various  parts  of  a  mag- 
netic field  by  means  of  imaginary  lines  drawn  through 
it  These  lines  he  called  lines  of  force.  Maxwell  ex- 
tended this  suggestion  to  include  the  strength  of  the 
luaguetic  force  in  the  field  as  well  as  its  direction,  by 
«npposing  to  be  drawn  through  a  surface  perpendicular 
to  tliis  direction  as  many  lines  per  unit  <tf  area  as  cor- 
responded  Uy  the  strength  of  the  field.  Thus  a  field  of 
a  Btrength  of  12  gausses  would  have  12  lines  passing 
through  each  square  centimeter.  Moreover,  each  line 
of  force  represenfs  one  unit  of  force,  i.e.,  a  dyw^»  So 
that  the  strength  of  a  Held,  //.  is  represented  in  dynes  by 
tlie  number  of  lines  of  force  which  pass  through  each 
srpiare  centimeter  of  a  surface  perpendicular  to  the 
resultant  force  of  the  field.  The  force  thus  traversing  a 
surface  is  sometimes  represented  as  a  tlow  of  force,  after 
the  analogy  of  a  fluid,  and  is  represented  by  0.  Since 
the  total  flow  through  a  surface  is  evidently  the  product 
of  the  flow  through  unit  area  by  the  number  of  units  of 
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area,  i.e.,  the  total  surface,  we  bave  ^  =  HS,  Wheuw 
if  we  divide  tho  total  number  uf  lines  of  force  crowfiag 
an  area  l>y  the  area  in  ceutimetern,  we  have  the  strent^li 
of  the  tielJ  in  dyues. 

The  magnetic  actionn  which  take  place  in  the  fiWd. 
and  which  are  due  to  the  condition  of  strain  in  tli^ 
nifr-dintu,  ure  well  illustrated  by  supposing  with  FaraJaj 
that  each  line  of  force,  like  a  btretched  elastic  thread,  \i> 
endowed  with  a  tendency  to 'shorten  along  its  length; 
whih*  lit  the  aanie  time  thet^e  linetj  of  forc«  are  self- 
ropellent.  So  that  as  a  rnsnlt  there  is  a  tension  deti'l- 
oped  in  the  medium  along  these  lines  and  a  pressTture  At 
riglit  angles  to  them.  The  direction  of  these  lines  d 
force,  being  the  same  as  the  direi^tion  of  the  force  in  llie 
field,  i.e.,  the  direction  in  M-hich  a  marked  polo  would 
move  in  it,  is  evidently  from  a  marked  to  &u  titimarked 
pole,  So  that  the  lines  of  force  of  a  magnet  issue  fwm 
tho  marked  end  and  enter  the  unmarked  end,  just  a-s  the 
Hues  of  the  field  would  do  if  the  maguet  were  ]>laced  in 
it  in  equilibrium.  Clearly  if  the  magnet  be  detieoted. 
tlm  lines  of  force  Avill  be  distorted  ;  and  tending  1«» 
shorten,  will  exert  a  stress  upou  the  magnet  of  the  natwi* 
of  n  coajde  tending  to  return  it  to  its  first  position.  S\ 
again,  if  the  marked  end  of  one  magnet  l>e  }>]uced  opi".^ 
site  the  unmarked  end  of  another  one  and  in  line  wiUi  it 
the  lines  of  force  issning  from  the  former  will  enter  tli'* 
latter;  and,  tending  to  shorten,  will  jiroduco  attractiou. 
Wliile  if  the  similar  ends  of  the  two  be  opposed,  th*' 
lines  of  force  will  be  turned  away  from  each  pole  in  nil 
directions;  and  thus  becoming  parallel  will  repel  each 
other,  and  so  will  repel  the  magnetic  poles  connected 
with  them.  Lines  of  force,  although  non-existent  \\\ 
fact,  yet,  likf^  the  parallels  and  meridiiins  of  the  eaiili. 
are  useful  for  majiping  out  a  region. 

5H5.  Magnetic  Plmntoms. — By  means  wf  iron  ^\\u^ 
the  field  in  the  vicinity  of  a  nmgnet  may  be  studied. 
This  was  first  done  in  the  sixteenth  century  by  Dr.  Gil- 
bert, who  called  the  figure  produced  the  magnetic  phan- 
tom. 
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ExPEfiiMENTS. — 1.  Dust  fine  filings  of  wrought-iron  uniformly 
over  a  Kla.s»  plate  hy  mejins  of  a  sieve,  and  place  tlie  plate  above  the 
|K»Ic#  of  11  veilical  U-i»»^n<^t-  ^)'  gently  tapping  the  pliile  the  lil- 
tiigs  will  arrange  thetuselves  in  the  form  of  curves  connecting  the 
marked  and  the  unmarked  jHjles,  The  same  result  will  follow  if  the 
unlike  pules  of  two  different  magnets  be  used,  provided  they  be  of 
Kbo  same  strength. 

3.  Plaee  a  iihor!  magnet,  such  as  a  piece  of  magnetized  sewing- 
needle.  sUHi»ended  by  a  silk  fiber,  just  abi)ve  the  filings,  and  muvo  it 
alxjul  within  the  field.  The  miignct  will  place  itself  piirallel  always 
lo  a  taogeul  to  the  curves,  and  its  marked  end  will  point  aloDg  the 
curvufi  always  in  the  jx^itive  direction. 

S.  If  the  phant^>m  of  the  ticld  due  to  a  single  pole  1m»  obtained  in 
th«  manner  describtHl,  its  lines  of  force  will  tw  seen  to  be  straight 
linesi,  radiHting  from  t)ie  (>ole  as  a  center,  in  all  directions. 

4.  Hejieat  the  first  experiment,  using  two  like  poles  instead  of 
two  unlike  ones.  Ea4.'h  pole  will  give  its  set  of  radiating  lines, 
but  I  be  lines  uf  one  wdl  push  away  those  of  the  other  aud  become 
finally  jHU'Hllel'witb  Iheiu  ;  thus  iudicating  repulsion. 

An  excellent  repieneutatiou  of  the  form  of  magnetic 
phantom  wliich  is  giveu  by  a  bai*  magnet  is  ahown  in 


Figure  274,  takt^u  from  a  plato  pro]>are<J  by  Mayer, 
Since  the  lines  of  force  are  synnnetrical  about  the  niaj^- 
uetic  axis,  such  a  phantom  may  bt*  obtained  in  any  ])laut« 
containing  this  axis. 

mu%,  Unirorni  anil  Variable  FielfU. — A  field  iH  8aid 
to  be  nniform^  wliou  its  direction  and  strength  nre  the 
8sine  in  every  part.  In  such  w  field  the  lines  <»f  force 
are  strai^lit  lines,  aud  they  are  equidistant.  A  variable 
fi«ld  ift  one  in  which  either  the  direction  of  the  force 


or  its  magnitude  varies  from  one  point  to  anotber.  TLf 
lines  of  force  in  such  a  field  are  curved  or  radJAting, 
and  not  puriLllel.  The  tield  of  the  earth  ia  a  practic&ll^ 
uniform  field  ;  while  the  fields  produced  hv  artifiri/j] 
means,  such  as  magnets  and  the  Hke,  are  in  gt^nerd 
variable  ones.  8ach  variable  fields  are  shown  in  thr 
magnetic  phantoms. 

5«i7.  AHtalic  System. — Since  the  forc-e  acting  aprtn  % 
magnetic  ueecUe  in  a  magnetic  field  is  a  couple,  it  u  o\t- 
vious  that  bv  using  two  equal  needles  reverseti  in  peti- 
tion we  may  obt*iiu  a  system  npou  whicli  the  resxiIUut 
action  of  the  field  will  be  zero  ;  since  the  couple  actiu^ 
on  one  of  the  needles  will  be  equal  and  opponite  t/i  th«t 
acting  on  the  other.  Such  a  system  is  called  an  aiUtiic 
Hystem,  since  it  luay  liave  no  directive  teudeu<*y  and  ui»T 
remain  at  rest  in  any  position  in  which  it  19  placed.  IA 
however,  the  needles  are  not  in  exactly  the  same  pUiie, 
this  result  will  not  ftdlow.  Calling  OA 
(Fig,  275)  the  moment  of  one  needle  and 
0/y  that  of  the  nllii-r,  tlio  diagoniiU^V? 
of  the  parallelogram  will  represent  lie 
moment  of  the  system.  Let  <T  be  thr 
angle  JOB  between  OJ  and  OB,  and  a 
be  the  angle  Aifli^  between  (he  resulUiil 
moment  and  that  of  one  of  the  needles; 
then  BOB  =  6  ~  cr.  Whence,  calling m 
the  moment  OA^  m'tlie  moment  OB^skUi^ 
M  the  moment  OBy  the  triangle  OBB 
M  =  sin  rt  :  sin    ^  —  a  :  sin  rf,   and  tan 


/ 


/ 
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gives 


m 


m 


m'  sin  f? 


a  = 


In  the  ca^e  supposed,  the  momenit 


771  -f-  w'  c^*  ^ 
are  opp(»site  in  sign»  and  rf  is  nearly  180°  ;  ho  that  we 
may  write  rf  for  sin  rf,  and  —  1  for  cosrf  ;  and  tlie  formaU 
becomes  tau  a  =  m'6/{m  —  m').  Hence,  if  m  and  m'  are 
equal,  tan  nr  =  go  and  a  =  90**.  In  other  words,  the  s 
tern  aH  a  whole  places  itself  at  right  angles  to  the  lines 
of  force  of  the  field.  Such  an  astatic  system,  therefore, 
in  the  field  of  the  earth  will  place  itself  more  nearly 
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[east  and  went,  iu  proportiou  as  the  magnetic  moments  of 
<ihe  two  needles  approach  equality. 


<■. — JIKTHODS  OF   MAGNETIZATION. 

538.  Ma^iotizatioii  by  Contact. — ^To  magnetize  any 
mngnetic  substance,  it  is  necessary  only  to  bring  it  in 
contact  with  a  maf^et  The  magnet  itself  suffers  no  loss 
I  of  magnetic  properties  iu  the  j>n>cess,  those  acquired  by 
the  substance  being  developed  within  it.  The  amount  of 
magnptizatioii  thus  developed  iu  a  substance  depends 
jointly  upon  the  nature  of  the  substance  and  npon  the 
strength  of  the  magnet  used.  With  a  given  magnet,  iron 
is  capable  of  receiving  the  greatest  amount  of  magnetiza- 
tion, and  next  to  it  comes  steel.  Different  kinds  of  iron 
aud  steel  iliff*^r  from  one  another  iu  this  particular,  and 
steel  varies  also  according  to  its  hardnes.s.  As  the 
nuignetizing  ff»rce  increases,  the  magnetization  produced 
increases,  at  first  rapidly  aud  then  more  slowly.  So  that 
the  point  at  which  the  magnetization  ceases  to  increase, 
whicli  is  called  the  saturation  point,  is  a  function  of  the 
force  of  magnetizjititju.  A  sort  of  magnetic  inertia  ap- 
pears t^)  eust,  which  acts  to  resist  magnetization  at  the 
outset,  and  to  retivin  it  afterward.  This  action,  to  which. 
Uiiine  coercitive  force  has  been  given,  is  most  strongly 
^rked  in  the  case  of  steel.  It  is  not  only  more  difficult 
t«>  magnetize  steel  than  iron,  bnt  the  steel  retains  its 
magnetizattou  permanently.  The  latter  property  La- 
niont  has  called  retentivity. 

531>.  Sfii;;le  aud  Oauble  Touch.— Various  modes  of 
applying  magnets  liave  been  proposed,  in  order  to  ob- 
tain magnetic  bars  of  maximum  strength.  The  simplest 
of  these,  known  as  the  method  of  single  toaoh,  consists  iii 
moving  one  of  the  poles  of  a  magnet  over  the  bar  to  be 
maguetized  from  end  to  end,  and  always  in  the  same  di- 
rection ;  the  operation  being  repeated  until  the  effect 
ceases  to  increase.  The  end  of  the  bar  last  touched  by 
the  magnet  is  of  opposite  polarity  to  that  of  the  pole 
touching  it.     In  the  method  of  doubU  touch,  the  two  op- 
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{M>8itd  poles  of  two  equal  bar  magnets  are  placed  in  tb« 
niid<lle  of  tbe  bur  to  be  lungnetized,  the  m^i  '    leg 

inclined  about  30^  ti^  the  lioruoutiil,  and  the  tu  ^  ire 
then  separated  in  opposite  directiouH  and  moved  to  th« 
extremities  of  the  fixed  bar.  The  effect  is  increased  bj 
placing  the  ends  of  this  bar  upon  the  euds  of  two  mag- 
nets in  line  with  it,  whose  polarity  corresponds  with  tiiat 
of  the  magnets  moving  over  the  correspouding  ends.  A 
niodifi(*HtioD  t>f  this  method  oouHists  iu  plturing  a  smalt 
block  of  wood  between  the  poles  of  the  moving  Uiu^ntfis, 
and  moving  the  poles,  thus  kept  close  together,  ulter- 
natel}'  toward  tlie  two  ends,  taking  care  that  the  naiuber 
of  passes  is  the  same  for  each  of  the  two  lialves  of 
the  bar. 

540.  Mugruetizntion  by  Mugrnetic  FlehU— Mainietic 
liicliictioiK — A  magnetic  substance  placed  iu  a  rnagueiic 
field  becomes  a  magnet  by  induction ;  and  if  it  be  pann 
raagnetic,  its  magnetic  axis  coincides  with  the  lines  of 
force  of  the  field.  Evidently  the  magnetization  pro- 
duced is  stronger  as  the  field  is  more  intense.  And 
inasmuch  as  the  magnetic  fitdds  produced  by  electric 
currents  are  far  more  intense  than  those  given  by  mag- 
nets, this  method  of  magnetization  luis  dLsphiced  all 
others.  We  shall  defer  the  considerution  of  electro- 
magnetism  until  w^e  have  studied  tlie  laws  of  current. 

541.  Results  of  Magnetization. — It  has  been  o1>- 
served  that  the  magnetization  is  at  first  superficial  ami 
then  progressively  advances  into  the  interior  of  the  mass. 
8o  that  a  liollow  steel  tube  may  be  made  to  give  nearly 
as  strong  a  magnet  as  a  solid  rod  of  the  same  diameter. 
If  a  bundle  of  steel  wires  be  magnetized,  the  interior 
wires  are  often  found  to  be  unaffected.  And  in  some 
cases  tlie  magnetism  of  a  bar  has  been  entii-ely  removed 
by  dissolving  away  the  outer  portions  by  means  of  nil 
acid.  Indeed,  by  subjecting  a  tliiu  steel  rod  to  tlie  dis- 
charge of  a  Leyden  jar,  Carhart  has  proved  thnt  the 
magnetism  thus  pruiluced  in  it  is  arranged  in  alternate 
and  opposite  layers  ;  so  tiiat  on  acting  upon  the  bar  witJj 
acid,  alternating  polarities  to  the  number  of  three  or 
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onr  may  be  developed  as  the  exterior  layers  are  sno- 
ssively  dissolved. 
Moreover,  magDetization  cbanges  the  length  but  not 
the  volume  of  the  bar  uiaguetized.  Bars  of  irou  and  of 
«obalt  become  longer  and  fiinaller  wlieii  they  are  niag- 
Jietizedi  while  those  of  steel  aud  of  nickel  become  shorter 
and  thicker.  Again,  the  magnetization  ma^'  not  be 
miiform  throughout  a  bar.  The  total  magnetization, 
aigebraically  hjteakiiig,  must  be  zero;  but  a  pair  of 
fliuiilar  poles  u\ay  exist  at  the  center,  so  that  botli  the 
ends  are  of  the  same  name.  Such  a  magnet  is  eaid  to 
have  con&eqnent  poles.  In  magnetizing  a  bar  this  result 
is  of  course  to  be  avoided. 

542.  Maignctic  Circuit. — Since  each  jwrtion  of  the 
€nd  of  a  magnet  repels  every  otlier,  and  tends  to  develop 
in  these  portions  opposite  pohirities,  it  is  evident  that 
•when  the  poles  of  the  magnet  are  free,  the  total  effect 
of  these  actions  is  to  weaken  the  maguet  as  a  wliule. 
Cousequeutly  it  has  been  found  necessary,  in  order  to 
preserve  the  strength  of  a  magnet,  to  connect  its  judes 
■with  a  piece  of  irou  called  a  keej»er.  If  the  bar  be  in 
the  U  form,  the  keeper  is  straight  and  rests  on  tht*  ends. 
If  it  be  straight,  the  bar  is  placed  near  a  similar  bar  in 
the  reversed  position,  and  two  keepers  are  j>laced  at  the 
ends  of  the  system.  In  this  way  a  closed  circuit  of 
magnetic  material  is  formed,  which  is  called  a  magnetic 
circuit.  An  iron  ring  constitutes  such  a  closed  magurtic 
rircnit. 

543.  Conipoiiiid  MiiKiietH. — By  maguetiziug  a  num- 
ber of  magnets  separateh'  to  saturation,  and  then  com- 
bining them  to  form  a  compound  magnet,  a  maguet 
superior  in  strength  to  a  simple  magnet  of  the  same  mass 
is  obtained  ;  but  the  strength  of  suoli  a  compound  mag- 
net is  by  no  means  the  sum  of  the  strengths  of  thi» 
separate  magnets  which  compose  it.  Evidently,  if  two 
equal  bar  magnets  be  placed  with  their  opposite  poles 
together,  there  will  be  complete  neutralization  of  th<»  one 
by  the  other,  and  there  will  be  no  external  magnetic 
field.     The  magnetism  is  said  to  be  bound,  aud  not  free. 
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So  if  the  two  magnets  Ik*  uuiteil  with  their  siuiilftr  jn 
ti>j»»'thi'r,  ttiiyh  pule  will  teud  to  w^akeu  the  iHber  ur 
doveliijiiug  in  it  the  opposite  polarity  ;  ho  that  the  com- 
biued  strnugth  •>(  all  the  poles  will  uot  equal  the  sam  of 
their  ntreugtUs  takeu  separately.  The  MdvaiiUig^-  uf 
ooinpouud  lUAgnebt  Ilea  iu  the  (act  that  thiu  platv»i  c»u 
be  easily  luaguotized  throughout  their  mass ;  tlie  ititeu- 
HJtv  of  tht^  magnetization  of  the  roHultiug  compound  m^- 
net,  which  is  th»>  ratio  of  it8  magnetic  moment  to  iU 
volume,  being  therefore  much  greater  than  if  the  laagut^t 
were  miule  of  a  single  raaKS.  Thus  Jamin  found  tlAtil 
six  platea  each  of  which  lifted  IS  kilograma  were  com- 
bined into  a  compoun*!  maguet,  the  magnet  itaelf  liflt'il 
only  64.  On  st-paratiug  the  plates  again,  each  now 
lifted  loHH  than  10  kilogramn ;  owiug  to  the  w«akeuiug 
action  above  raeutionod.  Jnniin  himself  has  con stractwl 
latniuated  magnets  composed  of  thin  jdate.s  of  steel 
8eparat*?ly  magnetized  au<l  then  combined,  which  are  of 
remarkable  power,  lifting  sixteen  times  their  own  weigi)k 
immediately  after  eoustruetiou,  aud  thirteen  and  a  balf 
times  after  attaining  their  permanent  condition. 

/S44.  I^lltiiiif-power  of  M«K»*'ts.  — Portative  Force. 
— ^The  lifting-power  of  a  magnet,  (»r  the  foree  required 
to  overcome  the  attraction  between  a  magnet  iind  Ha 
keeper,  is  proportional  to  the  area  of  lli«  surT  .q- 

tact  and  to  the  square  of  the  intensity  of  ma-:,  -a; 

or  calling  /''the  required  force,  /the  intensity  of  mag- 
netization, and  S  the  surface, /''=  27r/'j^.  Since  m  = 
/y,  we  may  write  this  equation  /'=  27TmI;  or  the  fmce 
is  proportional  directly  to  the  maguetie  maas  of  the  (lolft 
multiplied  by  the  intensity  of  raagnetiKation.  The  max- 
imum attraction  which  it  has  been  ft)und  possible  to 
obtain  between  a  magnet  aud  its  keeper  is  4000  gram» 
or  3'1*2  X  10*  dj-nes  per  square  centimeter.  This  cor- 
responds  to  a  value  for  /  of  701  C.  O.  S.  units.  The 
portative  force  of  a  magnet  is  measured  by  tlie  niaxlniain 
weight  which  it  will  sustain.  From  his  experiments  on 
steel  magnets  Hacker  has  deduced  the  empirical  formuU 
P  =  aW^;  in  wlueh  WIh  the  mass  of  the  inagtiet  aad 
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constant  varying  from  12'G  in  Haeker'n  experimentH 
to  ID'S  or  23  in  those  of  Logemanu  and  Wettereu.  It 
follows  from  this  that  the  portative  fnrco  of  a  magnet 
relative  to  its  own  niasM  rapidly  diminishes  as  the  size 
of  the  magnet  increases :  two  inaf^neta,  for  example,  of 
masses  1  atul  125,  sustainiu^  weiglits  of  1  and  25 ;  the 
former  sustaining  five  times  as  muck  as  the  latter  }>er 
unit  of  mass.  Logemann  suecoeded  in  malting  steel 
magnets  which  would  sustain  28  times  their  own  weight. 
Tbe  largest  steel  magnet  yet  constructed  is  a  Jamin 
magnet  weighing  50  kilograms,  which  is  able  to  support 
permanently  500  kilograms. 

/»45.  EflVot  of  Temperature  on  Mut^iietUatioii. — 
Gilbert  (IGOO)  states  the  fact  that  at  a  red  ln^at  iron  is 
incapable  of  being  magnetized.  Subsequent  iuvestiga- 
tions  by  Kowland  and  others  have  determined  the  law 
variation  of  magnetization  with  temperature,     Tjede- 

tr  finds  that  up  to  (58(1'  iron  ])reKorves  its  magnetic 
properties  almost  iinchanged;  but  that  a  rapid  altera- 
tion in  thrm  takes  place  at  about  this  temperature^,  so 
that  at  750^  the  magnetic  power  is  much  weakened  and 
at  770°  it  disappears  entirely.  Hopkinsou  has  showu 
that  iron  wJiich  at  700°  liad  a  permeability  of  11000,  liad 
a  permeability  of  zero  at  737°.  For  nickel  the  maguetic 
ooefKcic^nt  increases  slightly  up  to  200°;  it  then  decreases 
to  340',  at  which  it  becomes  zero.  The  coefficient  of 
cobalt  inci'eases  from  0*^  to  825°. 

SECnON   II. — MLVGNETIO  POTENTIAL. 


A. — ATTRACnON   ANB   llETUUSION. 

540.  Thcorrtleal  Magnet. — Since  in  no  actual  mag- 
kt  ia  the  magnetization  uniform  throughout,  no  single 
poiut  in  such  a  magnet  can  be  cousidored  as  a  pt»lp. 
Hence  for  purj>oses  of  iliscnssion  a  theoretical  magnet 
is  assumed,  long  and  indefinitely  thin,  and  uniforml}- 
magnetized ;  so  that  tlie  entire  elTect  produced  by  it 
may  be  assumed  to  reside  at  its  ends,  which  thus  act 
aa  centers  of  force  and  may  be  considered  as  its  poles. 
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In  order  to  study  the  action  of  the  poles  Beparatelj, 

however,  the  w/igtiet  must  be  fti>  long  that  the  niagan- 
isuitioD  of  the  center  does  uot  interfere  with  that  of  lira 
ends.  Thus,  for  example,  to  secure  this  result  with  & 
rod  one  rentiiueter  in  diiimeter,  it  wonhl  require  to  W 
five  or  six  meters  long.  Tlin  iiuigueti*.!  mass  Jit  nny  pf»int 
of  Ruch  a  magnet  ia  of  coun^e  the  product  of  its  transrt^ 
■Bectiitn  lit  tlie  ]>f>iut  by  the  inteuHity  of  the  ma^uetiAi- 
tioQ  there  ;  antl  the  intensity  of  iho  uitiguetiziktion  is  tlitt 
moment  of  an  element  of  volume  at  the  point  divided  bj 
the  volume  (i332) :  i.e.,  is  the  moment  of  ov,e  cubic  centiiD- 
eter. 

547.  LawH  of  Mag^netic  Artion. — The  laws  of  mag- 
netic attraction  and  repulsion  were  originally  studied  hj 
Coulomb  (1785 1.  In  his  first  set  of  experiments  be 
employed  the  method  of  oscillutions,  using  a  magnetic 
needle  2*5  centimeters  long  suspended  by  a  silk  tiler, 
and  a  bar  magnet  6'2'5  centimeters  long  and  alM>ut  tlm^e 
millimeters  in  diameter,  the  latter  placed  verticallr  in 
the  plane  of  the  meridian,  with  its  lower  end  o])po3ite 
the  pole  of  the  needle  of  unlike  polarity.  In  the  ejirtkV 
field  alone,  the  needle  made  15  vibrations  in  a  minute*. 
AVhen  the  magnet  was  in  position  and  at  10  centimeters 
distance,  the  needle  made  41  vibrations.  At  20  fentim- 
eters  the  vibrations  were  reduced  tti  '2-t  in  number,  and 
at  40  centimeters  to  17.  Since  the  forces  are  as  tlw 
squares  of  the  uumber  of  oscillations,  those  due  to  thv 
bar  alone  are  41'  -  15',  24*  -  15",  and  17'  -  15',  or  1456. 
351,  and  64 ;  or>  corrected  for  the  action  of  the  upper 
pole  at  the  greater  distance,  145t>,  331,  79.  The  distanced 
being  10  :  20  :  40,  the  forces  are  approximately  as  4* : 
2*  :  1' ;  i.e.,  are  iuversely  as  the  squares  of  the  distauccs. 

Tu  a  subsequent  set  of  experiments,  Coulomb  made  trnu 
of  his  toi>ii(Mj  balance  (4(>8).  Within  the  glass  case  a  lur 
magnet  60  centimeters  longandS  miljimetens  in  diameti^r 
was  suspended  by  a  fine  copper  wire  free  from  torsion; 
and  opposite  to  its  marlced  jiole  the  marked  pole  of  a 
similar  bur  magnet  was  jilnced.  The  mutual  repulsion 
produced  a  torftiou  of  '24**.     In  order  to  reduce  the  devi- 
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atioD  to  17",  a  rotation  of  the  torsion-head  of  3  X  300° 
■was  required ;  and  to  reduce  it  to  12°,  a  rotation  of 
8x360".  Without  thfi  second  bar,  the  earth's  force 
alone  acting,  a  rotation  of  2  X  360°  was  required  to  j>ro- 
dnce  a  doviatinu  of  ^O"*.  Hom^e  the  ropulsion  between 
the  magnets,  wliich  produced  a  deviation  of  24^,  was 
equivalent  to  a  torsion  of  864*^,  that  which  produced  a 
deviation  of  17="  to  a  torsion  of  1602°,  and  that  of  12°  to 
one  of  3312^  But  since  the  force  of  torsion  is  pn>])or- 
tional  to  the  angle  of  torsion,  these  angles  repi*esent 
forces  of  864  :  1692  :  3312.  And  these  forces  are  ap- 
proximately in  the  inverse  ratio  of  the  squares  of  the 
distances,  24"  :  17*  :  12';  considering  the  chord  as  equal 
to  the  arc. 

Since  the  moments  of  two  magnets  oscillating  in  the 
earth's  field  at  a  given  place  are  directly  j^roportional  to 
tlie  sijuares  of  the  number  of  vibrations  made  in  a  unit 
of  time,  the  ratio  of  the  moments  of  the  two  bare  used  in 
Alie  above  experiment  may  be  determined.  Whence,  as 
Uie  moment  of  a  magnet  M  =  mJ^  the  ratio  of  the  mag- 
netic mitflses  of  tluj  two  poles  m  ;  m'  may  be  obtained. 
Rt^peating  the  torsion  experiments  with  jtoles  of  differ- 
ent magnetic  masses^  it  was  found  that  the  force  exerted 
between  such  poles  at  the  same  distance  is  always 
direcbly  proportional  to  the  product  of  these  jnasses.  So 
that  tlie  magnetic  laws  established  by  Coulomb  may  be 
thus  stated  : 

1st.  The  force  exerted  between  two  magnetic 
poles  at  the  same  distance  is  directly  proportional 
to  the  product  of  the  magnetic  masses  of  these 
poles. 

2d.  The  force  exerted  between  two  magnetic 
poles  of  the  same  magnetic  mass  but  at  differ- 
ent distances,  is  inversely  proportional  to  the 
uares  of  the  distances. 

Both  these  laws  may  be  summarized  in  the  expres- 
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in  wliiob  F  is  the  force  actiug,  m  and  m'  the  magitttic 
lUiLsses  of  tlio  polt^H,  aud  r  tlie  distauoe  neparatiiig  tlnMo 
all  iu  absolute  measure.  Evidently,  siuce  poles  of  uppto. 
nite  name  attract  aud  polen  of  the  same  name  rej>el  pacIi 
other,  the  upper  or  positive  .sigu  will  represeut  repiilsitio 
aiid  the  lower  or  negative  sign  will  represent  attractioa. 
548.  Uult  MuKiiftii-  Pole. — If  in  the  above  eqiiAlinn 
we  make  w,  m\  aud  r  equal  to  unity.  T^will  also  l>e  eipi»l 
to  uuity.  So  that  a  unit  pole  will  exert  unit  force  ob 
a  similar  pole  at  unit  distance.  The  absolute  C.  G.  S. 
unit  maj^uetic  ptde,  therefore,  is  a  pole  of  hucIi  muguetlc 
mass  that,  when  placed  a  centimeter  distant  from  ao- 
other  unit  pole,  the  force  between  them  shall  be  om 
dyue. 

EXPCRIMRNTS. — 1.  Suspend  a  long,  thin,  Hniformly  ronirnfttwl 
luagiivt — a  rod  50  or  60  coutuueU'rs  long  and  2  or  8  DJiUimeitfri  lu 
diameter,  for  example — by  a  filwr  free  from  torsion  or  l>y  a  h 
lit!  wiro  from  a  j^TaduahHi  torsioii-lieMd.  Vltice  ani>Ib(  i 
mngnet  vertically,  with  iis  lower  i^nd  on  the  name  level  with  tlip  uy 
[Hxsito  pole  of  tho  suspended  muijnot,  nnd  nearly  in  the  plsne  o(  tltf 
lueridiaii  with  it.  t>ince  the  two  p^ilos  will  attraet  each  othor,  th«jF 
are  prevented  from  eontuet  by  interiwisjng  a  itIhs*  plait*  of  fciionu 
thickness.  The  torsion-hcwl  hoing  at  zyro  when  the  v«rlicftl  mAjn^d 
is  absent,  rotate  it  in  the  direction  to  »i>pnrate  rhe  poles  uutiltlK 
end  of  the  movnble  magnet  jnst  touches  the  plato,  and  agnia  r»*l 
the  torsion.  RejM'at  the  ex|>ennient  with  p!at<*H  of  rhiokness  2,  3. 4. 
etc.,  times  the  first  one,  and  ol>fterve  that  the  forces  will  vary  »|r 
proximately  as  the  values  1.  i,  |,  ,*„.  eto. 

'2.  Ke|>eat  the  experiment,  using  the  opposite  ends  of  both  nui|> 
nets,  nnd  notice  that  the  forces  of  torsion  tire  ihe  same  for  the  some 
distances;  showing  that  for  uniformly  nmgnetized  bars  the  im> 
poles  exert  equal  forces  and  are  equal  in  maj;neric  mass. 

3.  Make  another  experiment,  using  a  second  vertical  maenrt. 
and  noting  the  torition  required  for  a  given  soiwirntion.  Then  ute 
both  vertical  magnets  together  and  muke  a  reading.  The  i/irsina 
will  l>e  found  to  t>e  the  algebraic  sum  of  the  separate  torsions; 
Khowing  that  the  force  acting  is  directly  profMrttona!  to  the  mag- 
netic mass  of  the  magnetic  polen. 

JS40.  Field  pmdiioecl  by  a  Mninietie  Pole*. — Since  a 
tiiiit  ma^^netie  pole  exerts  uuit  force  upon  a  similar  pole 
at  unit  dlKtance,  it  foUowK  that  the  intensity  of  tlie  mag- 
U(>tic  field  pTod\xced  by  ft.  uva^uet  at  unit  distance  from 
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i  uiust  be  uuiij ;  aud  lience  that  a  unit  pole  placed 
ere  will  be  acted  on  by  uuit  force  ;  i.e.,  a  d^iie.  The 
nuit  pole  just  now  detiued  is  tlio  saiue  as  that  already 
meutiuned  (-yiO).  It  is  called  a  -weber  and  the  unit  lielil 
^hioli  it  produces  ut  unit  diutauce  is  called  a  gauss. 

550.  Liiif  H  of  F<»rce  ol'  a  Unit  Pole. — Lines  of  force 
radiate  iu  all  directions  fri^mi  a  magnetic  pole.  If  we 
draw^  a  Apbere  of  unit  radius — i.e.,  a  centimeter — about 
A  uuit  pole,  the  surface  of  such  a  sphere  will  be  evi- 
Uoutly  -in  square  centimeters.  Now  since  the  field  at 
miit  disU^iuce  from  a  unit  pole  is  uuity,  the  surface  of  thu 
sphere  is  in  such  a  unit  tield  ;  aud  hence  there  must  be 
A  line  of  force  passing'  through  each  square  centimeter 
o(  it;  or  -kn  lines  uf  force  thr<mgh  the  entire  surface. 
Snt  all  the  lines  of  force  radiating  from  the  pole  pass 
through  this  surface  ;  and  therefore  the  ti»tal  number  of 
lines  of  force  which  raJiate  from  a  unit  pole  is  4n.  In 
{general  the  number  which  radiate  from  a  pole  of  mag- 
netic mass  m  is  ^jrm.  The  flow  of  force  from  any  mag- 
netic pole,  therefore,  is  4t  times  tlie  magnetic  ma.ss  of 
the  pole  ;  aud  the  total  flow  of  force  through  a  surface 
enclosing  a  magnetic  pole  of  magnetic  mass  m  is  ^Trtn. 
Consequently  the  intensity  of  the  field  at  any  part  of 
this  surface  is  A.nin/S  \  which  is  equal  to  U. 

551.  riPliI  duo  to  Two  .Ma^Mictic  Poles.— The  field 
Hurroundiug  a  magnet  is  evidently  due  to  the  joint  action 
of  both  of  its  poles.  If,  f*ir  example,  a  nortli-seekiug 
pole  be  placed  at  n  (Fig.  27(5) 
in  the  field  of  the  bar  magnet 
NSt  it  will  be  acted  on  with  a 
repulsive  force  iu  the  direction 
Nn  aud  with  an  attractive  force 
in  the  direction  ruS.  The  re-  ^^'' 
sultaut  of  these  two  forces  willg^-^^ 
obvioualy  be  the  diagonal  na  oi 
the  pamllehtgram  constructed  fiu.  a.o. 

on  these  forces  as  sides;  and  the  pole  n  will  tend 
to  move  along  this  diaj^onaL  By  constructing  the 
direction  of  this  resultant  for  various  parts  of  the  field, 
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tills  field  may  be  mapped  out ;  and  it  will  be  found  tliat 
a  series  at  curves  wii!  bo  obtained  correspou«Hug  pt*- 
ciaclv  to  tlione  cbanvcteriziug  the  ni'^^uetii.'  pLauUjm; 
thus  proving  that  the  lines  of  force  of  u  tield  are  siutplr 
tile  lines  of  remiltuut  maguelie  uctiou  iu  tbut  field.  The 
resultant  due  to  several  poles  may  be  compounded  io 
the  same  way ;  but  if  the  polygon  form  a  closed  corte, 
the  rcsultaut  is  zero,  and  there  is  uu  resulting  magnetie 
force  in  the  tii»ld. 

A5U.  Law  of  Action  ot'Two  f*olcA  on  a  Slti|;le  One.— 
If  both  jtolcH  of  a  magnet  act  on  a  single  pole,  the  fiuce 
exerted  varies  inversely  as  the  cube  (»f  the  distauce. 
Suppose  a  bar  magaet  Nt>  (Fig.  277)  to  be 
placed  sn  that  its  middle  jioint  is  in  line 
with  the  axis  of  a  magnetic  needle  «*.  Tb« 
pole  8  will  repel  the  similar  pole  f  in  tli» 
direction  *a;  so  tliat  if  m  be  the  streii^hof 
the  pole  Si  that  of  s  being  unity,  and  if  /  lie 
the  distance  iSs,  the  value  of  sa  will  be  m/i*^ 
The  dissimilar  pole  N  attracts  /?,  and  with 
the  same  force,  since  S  and  X  are  eqiul; 
whence  sd  re]>resents  in  magnitude  and 
direction  the  attracting  force.  The  resultant 
of  these  two  forces  is  sh.  But  as  the  triaiigW 
SsN  and  sah  are  isosceles  and  similar,  we 
have  Ss  :  sa  ::  SN :  sb.  Letting  Ss  =  r^M 
=  m/r'y  SN  =  I,  and  sh  =  F,  and  substitut- 
ing, we  have  F=-  ml/r*.  If  the  distance  frj>m  the  mag- 
net to  the  needle  is  considerable,  we  may  take  »0  fa 
even  cO  for  r;  and  then  say  that  the  total  action  of  % 
magnet  upon  a  single  distant  pole  varies  inversely  as 
the  cube  of  the  distance.  Siuce  ml  ~  Jlf,  we  may  writa 
F '=^  M/i^\  or  if  the  needle  is  deflected  through  an 
angle  0,  and  its  moment  is  M\  we  have  F  •=  (3/ J/'  cot* 
0)/r'  as  the  moment  of  the  couple  tending  t"  !'"T»^aj»f 
the  deflection  of  the  needle. 

Ty^W.  Mutual  AclEou  oTthc  Field  (Ine  to  tliv  Magnet 
and  that  due  to  the  Karlh. — The  needle  under  tbene 
Gonditious  cQut\nue«  to  be  deflected  until  the  magnetic 
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deflectiug  force  is  balauced  bj  the  antagonizing  force  of 
the  earth't*  field.  We  have  seen  above  (531)  that  a  mag- 
netic ueeille  of  moment  M'  phiced  in  a  magnetic  field  of 
strength  //  experiences  a  couple  of  moment  M' II  »in  0 
tt^ndiug  to  bring  its  axis  to  coincide  with  the  meridian, 
£i|UHting  these  two  equal  forces,  we  have  M  'H  Hiu  0  = 
[MM'  cos  (/>\/r';  whence  we  have  M=  Ilr*  tan  <P;  r 
being  the  <listance  between  the  centers  of  magnet  and 
uee<Ue. 

The  position  of  the  magnet  above  given,  with  refer- 
once  to  the  needle,  is  called  "  broadside  on."  If  the 
tnnguet  be  ho  placed  tliat  its  axis  while  perpendicular  to 
the  niendian  and  t<»  the  needle  pHHses  through  the  cen- 
ter of  the  needle  (Fig.  278),  it  is  said  to  be  "  end  ou."    In 


Hub  case  the  resultant  force  is  twice  as  great,  and 
fe  2frtl/r\     The  moment  of   the   couple   causing    the 

lection  of  the  needle  is  i^MM'  cos  <f>')/r\  and  the 
[moment  of  the  magnet  is  now  ^Hr'  tan  tf>' ;  hence  tan 

=  2  tan  0. 

554.  ncliectlon-MetliuUs.  — MiH^netonieter,  —  The 
calculation  of  the  moment  of  a  magnet  from  the  formula 
31  =  ml  is  not  possible,  except  in  the  case  of  long,  thin, 
uniformly  magnetized  magnets,  and  then  only  approxi- 
Imately.  The  equations  given  above,  however,  enable 
us  to  obtain  this  moment  experimentally,  by  observing 
the  deflection  which  the  given  magnet  ]noduces.  Since 
J/  =  ZTr*  tan  0,  the  absolute  valne  of  the  moment  in  Q, 
G.  S.  units  isobtained  by  multiplying  together  the  tangent 
of  the  deHection-angle,  the  cube  of  the  distiuice  between 
the  center  of  the  magnet  and  that  of  the  needle  expressed 
in  centimet«»rs.  and  the  value  of  the  horizontal  force  of 
tHe  earth's  field  in  dynes.     The  relative  moments  of  two 
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magnets  are  evideutlj  as  the  tau^etits  of  the  deflectL'U. 
angles,  utber  tLiugs  beiug  eqiial ;  since  Ji/,  :  J/, : ;  Ian  0, . 
tiiu  tp^,  A  ueeUlu  so  arranged  that  Uih  det1t*ctiou$  caa 
Ix*  readil}*  observed,  is  called  a  magnetometer.  A  cou- 
venient  form  of  it  is  a  plane  silvered  mirror  hariug 
several  ligbt  maguet-s  on  the  back,  and  suspended  bv  ■ 
-silk  tiber  so  as  to  OHcillate  about  a  diameter;  the  wLi'le 
enclosed  in  a  suitable  case.  The  dedeotious  are  read  hv 
ineana  of  a  telescope  and  scale  placed  at  a  convenient 
ilistauce. 

B, — MAGXETIC  WORK    AND   UNKIUiV. 

555.  31ui?iietK*  Poteuttul  at  »  Tulnt. — To  brtug  « 
magnetic  pole  to  a  given  point  in  a  magnetic  field  it  b 
evident  (1)  tbut  work  must  be  done  hy  or  upon  it,  luul 
(2)  that  this  work  when  dune  upon  it  must  be  stored  ap 
in  it  as  potential  energy.  The  magnetic  potential  at  a 
point  in  a  magnetic  field  is  a  condition  at  the  point  sucli 
that  to  bring  a  unit  pole  there  will  require  ibe  ex- 
penditure of  positive  or  negative  work  upon  it  Tlie 
pot^^ntial  of  a  ]iole  at  the  iK>int  is  measured  by  the 
potential  energy  it  has  there ;  in  other  words,  hy  iLe 
work  wljich  has  been  dfme  by  or  upon  it  to  bring  it 
there.  Magnetic  potential  is  therefore  essentially  imalo* 
gous  to  electrostatic  potential,  liud  the  di/Tereuce  of  mag- 
netic potential  botweeii  two  points  is  mejvsured  bv  the 
amount  of  work  required  to  move  a  unit  pole  from  the 
one  to  the  oilier.  If  this  work  is  one  erg,  then  the 
difference  of  magnetic  potential  between  the  two  poiutfi 
is  unity. 

Thus  let  a  and  h  be  two  points  in  a  magnotic  field, 
Va  be  the  magnetic  potential  at  «,  and  P^  that  nt  b.  Tlie 
work  required  to  carry  a  unit  magnetic  pole  from  a  to  ^ 
against  the  magnetic  forces  is  evidently  V^  '^  V^  Bat 
this  work  is  also  equal  to  ^,  in  which  i^  is  the  ineau 
force  between  the  points  and  /  their  distance  ;  Leuct? 
F  =  {Vn'^  Vi,)/L  Now  by  the  law  of  magnetic  aotiott 
F=  viia/r.  Equating  these  two  values  of  F^  we  linTe 
Fo  '^  Fb  =^  "^"^  /^'i  ^^^  ^fexxYXyvj-eivL^  \a'  to  be  a  unit  pole- 
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["we  way  say  that  the  difference  of  puteutial  between  two 
Ipoiiits  in  a  maguetic  Held  produced  by  a  pole  of  ina^uetic 
kasa  m,  these  two  ]>ointH  being  /  nnits  of  distance  apart» 
directly  proportional  to  the  magnetic  mass  of  the  j)ole 
and  inversely  proportional  to  the  distance  separating 
itliem,  D  T't  be  zero,  V^  —  m(l\  or  the  potential  due  to 
a  pole  m  at  a  distance  /  is  the  ratio  of  m  to  Z.  If  m'  be 
not  nnity,  the  total  work  done  in  bringing  this  pole  from 
a  point  where  the  potential  is  zero,  Le.,  from  an  intiuite 
^-disUince,  to  a  point  where  tht^  potential  is  I*,  is  evi- 
dently m'  T'  But  in  a  uniform  tield  F  =  m'H\  and  W, 
which  is  equal  to  Fl,  is  also  eqinil  to  in' HI.  E<juating 
^hese  two  values  of  ]V,  we  have  V  =  /// ;  or  the  poten- 
jal  between  two  points  in  a  magnetic  field  at  a  distance 
\l  apart  is  the  pn)duct  of  tlie  intensity  of  the  field  by 
,ihis  distance. 

:%:%i\.  Variation  ofFoteiitial  in  MuE;iietic  Field.— A 

line  of  force  is  the  tlirecti(jn  along  which  the  resultant 

force  acts,  and  since  there  cannot  be  two  resultant  forces 

hi  a  point,  two  lines  of  force  cannot  intersect.     From 

the  expression  F  ={  V,^  -^  F^)/?  it  appears  that  the  force 

iu  any  directit^n  in  a  magnetic  field  is  simply  the  rate  of 

['variation  of  the  potential  in  that  direction.     Whence  it 

follows,  that,  since  the  force  is  a  maximum  along  a  line 

[of  forct),  the  rate  of  variation  of  potential  along  a  line  of 

Force  is  also  a  mtiximum  ;  and  a  line  of  force  may  be 

'defined  as  that  direction  in  wliich  the  pot^^ntial  varies 

most  rapidly.     Since  tlie  positive  direction  at  a  j^oint  iu 

a  magnetic  field  is  the  direction  iu  which  a  marked  pole 

would   tend   to  move  if  placed  there,  and  since  a  body 

having  ptit^ntial  energy  tends  t^*  nmve  in  the  directiou 

in  which  the  potential  diminishes  most  rapidly,  it  is  evi* 

dent  that  the  potential  along  a  line  of  force  diminishes 

most  rapidly  iu  the  positive  direction, 

557.  Kqulpotentlal  Majjuotle  Surt'iices. — Abont  a 
!«ingle  magnetic  pole  the  variation  of  potential  is  equal 
lin  all  directions,  so  that  the  potential  is  the  same  at  the 
same  distance.  If  a  spherical  surface  be  described  about 
the  pole  as  a  center,  every  part   of  it  \\\W  be  at  Uie 
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anme  distance  froiu  tLe  pole,  and  hence  will  be  at  lur 
8nme  potential.  Snch  a  siirfuce  18  cnllod  an  eqaipoteaUal 
surface;  and  the  equipotentiiil  surfacoH  duo  to  a  single  ptilf 
iiTo  evidently  the  Hurfacesof  ciiucentrio  HphereH  having  the 
pole  as  their  oominon  center.  To  carry  amdt  pole  from 
one  sucli  surface  to  the  next,  work  vaw^i  of  course  \m 
done  ;  and  the  distance  between  these  aurfaceB  may  be  tin 
chosen  that  this  work  may  be  unity.  Thus  if  the  mag- 
netic maHH  of  the  pole  at  the  center  be  m  uuitn,  the  \<^ 
toutial  on  the  surface  of  a  sphere  drawn  about  it,  whus*> 
radius  is  m  centimeters,  will  be  unity;  and  an  erg  of 
work  will  be  dr)im  in  bringing  a  unit  pole  from  au  io- 
finite  distance  to  this  surface  against  repulsion.  To  i)o 
two  ergs  of  work,  the  nurface  must  be  at  only  \xa\i  tJiU 
distance  fnim  the  pole  at  the  center;  since  then  r  =  2 
and  2  =  nt/l ;  whence  I  =  Jm.  So  to  do  three  i>r  four 
times  the  work,  the  radius  of  the  equipotential  sarftct 
roust  be  one  third  or  one  fourth  the  value  required  when 
only  one  erg  is  done  (Fig.  *279).     The  distance  between 
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each  pair  of  surfaces  corresponds  to  the  same  work  done;] 
and  as  these  dist.tnces  in  the  above  exniuple  are  J-m,  JmJ 
^m,  it  follows  that  they  are  directly  proportional  t*"*  the| 
Square  of  the  mean  distance  (the  geometrical  mean)  audi 
inversc^\y  \iTOYortutual  to  the  magnetic  mass  of  the  jKiIe; 
or  wbat  ift  ttie  aaxae  HXv«i%,  Vv%  N\\i»  ^^t^vVw^i  ^1  the  extvptij- 
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tlistaDces  divided  bj  the  lUHguetic  mass  of  the  pole.  If 
V  =  m/},  and  V  —  in/l\  it  in  obvious  that  in  order  to 
have  V  —  V  =  1,  m/l  —  m/V  or  m{\/l  —  1/V)  =  1 ;  wlieiiro 
/'  —  I  =^  ir/m ;  or  the  distauce  between  each  of  the  equi- 
potential  surfaces  is  proportional  directly  to  the  product 
of  their  radii  aud  inversely  to  the  maguetii^  masH  of  tlie 
pole.  Thus  in  the  above  figure  the  ratlius  is  im  for  the 
second  surface  aud  im  for  the  third  ;  whence  the  distance 
between  the  two  i.s  {^m  X  i»0/'"  ^^'  i'"-  *^^^  mean  force 
acting  is  of  courae  (  V—  V')/^m  or  6(  V  —  V')/m ;  aud 
the  work  doue,  beiug  the  prmluct  of  this  wean  force  bj 
the  diMtauee  through  which  it  acts,  is6(  T—  V')/m  X  wi/fi 
=  K  —  T' ;  that  is  to  say,  the  work  done  is  proportional 
to  the  difference  of  potential  between  the  surfaces. 
Sinee  this  difference  is  unity,  the  distance  between  the 
«qaipciteutial  surfaces  of  a  s}8tein  is  always  such  that 
uuit  uf  work  is  done  in  earning  unit  pole  from  one  to 
tlie  other  against  the  magnetic  forces. 

Since  an  pquip'itt^ntial  surface  is  everywhere  perpen- 
dicular to  the  Hues  of  force  of  the  field,  the  number  of 
anch  lines  which  traverse  it  per  unit  of  area  represents 
the  inteiiftity  of  the  tiehl.  But  we  have  just  seen  that 
the  intensity  of  the  fiehl,  as  ujeasured  by  the  work  done 
in  moviug  a  unit  pole  across  it,  is  the  reciprocal  of 
the  distance  between  the  etpiipotential  surfaces.  Hence 
the  flow  of  force  through  uuit  area  of  an  equipotentia] 
Murface  is  the  reciprocal  of  the  distance  between  that 
surface  and  tlie  next  in  order. 

If  the  field  be  uuiforru,  the  lines  of  force  are  straight, 
parallel,  and  equidistant,  and  the  equipoteutial  surfaces 
are  e<jnidistaiit  planes  perpendicular  to  tlie  lines  of  force, 

/SoS.  Tubes  of  Force, — The  strength  of  a  magnetic 
pole  is  mentally  pictured,  according  to  the  method  of 
Faraday,  by  the  number  nf  lines  of  force  which  enter  or 
leave  it.  Each  of  tliese  lines  of  force  is  continuous, 
passing  from  the  marked  pole  to  the  unmarked  one  out- 
side of  the  magnet,  an<l  from  the  unmarked  to  the 
marked  pole  withiu  it.  The  amount  of  magnetizaiiou  at 
the  point  where  a  liue  of  force  leaves  the  oue  pole  of  a 
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niaguet  is  exactly  eqnal  and  of  contrary  sign  to  tbat  &t  tKe 
poiut  where  it  enters  the  other*  Suppose  uow  iLiit  t«ro 
areas  be  taken  on  two  consecutive  eqiiipctteutial  surfa^^ets 
and  through  the  bonndaries  of  these  areas  lines  of  foroft 
be  drawn  ;  it  is  evident  that  these  lines  of  force  will  en- 
chjae  a  tubular  space,  cylindrical  if  the  Hues  of  force  be 
straight  and  parallel,  conical  if  they  be  struight  and  mit 
parnllel.  Such  a  system  of  lines  of  force  is  calleil  a  tube 
of  force;  and  since  the  number  of  lines  of  force  is  Uie 
same  at  all  parts  of  the  tube,  the  strength  of  the  maguefc- 
izatioQ  is  the  same  at  each  of  its  cross-sections.  If  the 
area  enclosed  represent  unit  magnetization,  the  whule 
equipotential  surface  may  be  divided  up  into  such  miit 
tubes  of  force,  and  the  str«nj^th  of  a  pole  will  be  propor- 
tional simply  to  the  numbor  of  unit  tubes  which  thus 
abut  upon  it.  If  the  tube  he  conical,  its  two  bases  vill 
be  unequal ;  although  the  strength  of  thc^  magnetizatioo 
will  be  the  same  on  each.  Hence,  since  the  strength  of 
the  magnetization,  or  the  flow  of  force  through  tliesfl 
bases,  is  II.s\  or  the  product  of  the  flow  through  unit  of 
area  multiplied  by  the  number  of  units  of  area  or  tlie 
total  surface,  it  follows  that  IIS  on  the  first  surface  must 
be  equal  to  H'S'  on  the  second  ;  i.e.,  that  this  product 
must  be  the  same  at  any  cross-section.  Since  i/N  = 
H'S\  we  have  HS  -  H'S'  =  O.and  also  //  :  ir  ::  S':  S; 
or  the  intensity  of  tbe  field  is  inversely  as  the  cross 
section  of  the  tube. 

55».  Etiitipotentinl  8urfac<^s  duo  to  Two  PoIpa. — 
Siuce  potentials  may  be  directly  adiled  together,  the 
potential  at  a  point  due  to  two  magnetic  poles  ia  simplj 
the  algebraic  sum  of  the  potentials  produced  by  the 
same  poles  acting  sD[iurately,  If  m/l  be  the  potentiid 
due  to  the  magnetic  pole  m  at  the  distjuice  2,  and  —  m/f 
be  the  potential  due  to  the  equal  and  opposite  pole  —  m 
at  the  distance  /',  the  jxiteutiai  due  to  both  poles  at  the 
point  /'.tlistant  I  from  the  one  poleand  /'from  the  other, 
wiil  be  m/l  —  mjV  or  m{\/l  —  I/Z').  Since  this  is  true  of 
every  point  in  the  field,  the  expression  r=  7n{l/l  —  l/l') 
when  F^is  constant  repi-esents  the  equation  of  an  eqni- 


BKBHGY  OF  .ETHER- VORTWKS.-MAQSBTl^'M,      653 


potential  surface  due  to  both  poles,  over  which  the 
pottiutiHl  has  the  couKtuut  value  V,  If,  for  example, 
two  pftiiits  be  taken  to  represent  two  oppoaite  poles,  and 
about  each  of  these  points  as  centers  spherical  equL- 
potential  Hurfaces  be  drawn  as  above  described,  it  is 
evident  that  at  the  points  where  the  circles  cut  one 
another  the  potential  due  to  the  separate  poles  mast 
have  the  siime  vulue  ;  this  value  beiug  of  course  the 
algebraic  sum  of  the  separate  values.  By  markiug  these 
intersections  -M-ith  their  values  thus  obtained,  and  by 


Fio.  aso. 

drawing  curves  through  all  the  points  at  which  the  value 
Im  the  same,  a  series  of  curves  will  be  obtained  which 
■will  represent  the  equipotential  surfaces  due  to  both 
poles  taken  together  (Fig.  280).  In  the  special  case 
here  taken  these  surfaces  are  spliHricul  in  shape  and 
enclose  the  ])oIe8,  the  ratio  NP/SP  or  NQ/SQ  being 
ooustant  for  any  given  surface.  Those  about  the  marked 
pole  correspond  to  positive  values  of  the  potential,  and 
those  about  the  unmarked  pole  to  negative  ones.  Hence 
the  two  regions  are  separated  by  a  symmetrical  plane 
per]iendicular  to  the  line  joining  the  poles,  whose 
potential  is  zero.  The  full  circles  are  drawn  for  succes- 
Hive  oqnal  clmnges  of  potential ;  and  the  dotted  circles^ 
which  represent  lines  of  force  and  which  cut  the  first  set 
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at  right  angleH,  are  so  drawn  that  the  amount  of  magfietic 
force  which  flows  iu  a  given  time  tLrough  th<?  space 
bouuded  by  portions  <>f  fach  couti*^uouH  pair  is  iLe  sam*> 
(Twt) 

560.  En^T^y  of  Ma(C"('ti2atlon. — Tbf'  work  which 
xnu»t  bo  done  upon  a  iimgnet  to  reverse  its  position  a 
the  luagnetic  field — work  which  is  done  against  the  mag- 
netic forces,  if  its  direction  coincides  witli  tlmt  of  tL« 
field  and  the  magnet  iis  iu  stable  equilibrium,  or  lij 
these  forces  if  itH  direction  is  opposite  U*  that  of  tlif 
field — is  meftsnred  by  the  product  of  the  force  acdug 
by  the  distance  through  wldch  it  acts  ;  i.e.,  by  mU 
multiplied  by  2,  or  mtH't  which  since  ml  is  the  saidi'  an 
iV  is  MH.  And  this  of  course  representa  tho  chang**  of 
energy  of  the  magnet  due  to  its  position.  To  rotate  tLe 
magnet  from  a  position  in  which  it  makea  au  angle  tf 
with  the  earth's  lines  of  force,  tt)  its  normal  position  of 
parulk'Iism  with  these  lines,  requires  of  course  the  wurk 
corresponding  to  the  product  of  the  force  by  the  lerwd 
sine  of  the  angle  ;  Le.,  to  v\H .  4/(1  —  cos  a),  (»r  to  iMH 
(1  —  cos  a).  And  as  this  work  is  done  by  the  magitf^tic 
forces,  the  potential  energy  of  the  magnet  is  diminislied 
by  this  amount. 

If  the  distance  is  very  great  with  respect  to  the  «»> 
of  the  magnet  we  may  proceed  us  follows:  The  potential 
,p  at  P  (Fig.  281)  due  to  the  veiy 
small  magnet  NS  will  be  of  course 
m(l/r'  -  1/r")  or  m{/'  -  ryrV; 
now  we  may  replace  r'*—r'  by  tUe 
approximate  value  I  cos  a  and  r^t'^ 
by  r\  Whence  r  =  (vt!  cos  n)/r*; 
or,  representing  by  ft  the  momeot 
ml  of  ibis  small  magnet,  F  = 
(^  cos  «0A*'  ^f  "^^^  '*  circle  be  traced  about  O  as  & 
center,  perpendicular  to  the  magnetic  axis,  of  such  siw 
that  its  surface  represents  numerically  the  value  ft  of 
the  magnetic  moment,  and  this  surface,  viewed  fr^)m  the 
point  f ,  subtends  the  solid  anglo  cii,  tliis  angle,  since  it 
is  the  ratio  of  the  surface  which  subtends  it    to  the 
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square  of  the  radius,  will  be  equal  to  ^/r*  seen  normallj ; 
or  t<)  the  prujectiou  of  ;<  perpendicular  to  r,  divided  bj 
r*  when  seeu  from  F\  aiul  iience  gj  =  {^n  ens  a)/r'^.  But 
this  is  exactly  the  value  of  V  above  given.  Whence 
V^<^\  or  the  potential  of  a  minute  magnet  at  a 
point  is  measured  bj  the  solid  angle  subtended 
by  a  surface  equal  to  the  momeut  of  the  maguet, 
«s  seeu  from  the  point,  the  surface  being  per- 
pendicular to  the  axis  of  the  uiaguet  at  its  mid- 
dle point  (Joubert).  But  the  potential  of  this  small 
magnet  represents  evidently  the  work  which  must  be 
expended  upou  a  unit  positive  pole  to  bring  it  from 
iufiuity  to  the  point  P^  against  the  forces  of  the  small 
magnet;  or  to  bring  the  little  magnet  from  intinity  to  its 
actual  position,  in  presence  of  a  unit  magnetic  pole  at 
P.  But  this  is  evidently  the  total  energy  of  the  system 
consisting  of  the  small  magnet  and  the  unit  jsjle  at  P. 
If  the  pole  at  P  were  of  strength  m^  the  energy  of  the 
fljstem  would  be  m^. 

To  carry  a  magnet  of  moment  M  from  a  field  of 
strength  H  to  intinity  requires  work  MH,  To  carry  a 
soft  iron  bar  to  the  same  distance  requires  ludf  this 
work.  The  other  half  h^fH  is  the  intrinsic  energy  of 
the  magnetisation.  According  t<j  Joubert,  M'ork  equiva- 
lent to  lUOOO  to  1501M)  ergs  per  cubic  centimeter  must 
be  expended  upon  soft  iron  in  order  to  magnetize  it; 
and  from  r2flOiKI  to  *200CK)0  ergs  per  cubic  centimeter 
upon  steel. 

a — THEORY    OF   MAGNETIZATION. 

rH  061.  Maffuetizntioii  a  Molecular  Plieiiomeuon. —  If 
n  electrified  body  while  under  induction  be  divided 
into  two  parts,  both  of  these  parts  on  separation  will  be 
found  to  be  electrified,  the  one  positively,  the  other 
negatively.  But  if  a  magnet  be  broken  into  halves,  no 
such  result  appears.  Each  half  is  found  to  be  a  com- 
pl»^te  magnet,  two  new  poles,  of  strength  nearly  equal  to 
iLat  of  the  original  poles,  being  developed  on  the  two 
sides  of  the  fracture.     80  that  it  is  not  possible  to  ob- 
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tain  marked  or  unmarkeil  ningiietizutiou  alone,  ^ore- 
ovt*r,  HH  ibis  HubdiviHioti  of  a  uuigiiet  iiiny  be  ctmtinn^tl 
iii<letiuit<dy  aud  with  the  same  fesultii,  each  particU 
being  always  a  complete  magnet,  it  follows  thai  tLe 
ina^uetic  propert}*  must  reside  in  the  smallest  purticli^ 
cjipable  of  existiiij^'  by  ils«lf ;  that  is,  in  the  molei^ulf. 

5<(2.  ThforieH  ol'  Poissoii  and  of  Weber. — The  an- 
alo^y  between  luagnetif  and  electric  pbeuomeii;i  Ie<I 
l*i»i88on  to  propose  a  two-fluid  theory  of  unignetism. 
But  nincf^  theHe  niagnetic  fluids  cannot  pass  from  one 
molecule  to  the  next,  the  process  of  magnetizjttiou  ou 
this  tlie<jry  must  consist  in  separating  more  c»r  less  the 
fluids  contained  in  each  molecule,  cauhiug  au  accumal** 
tiou  of  the  une  fluid  at  onu  end  of  the  molecule  aod  of 
the  other  fluid  at  the  other. 

Weber,  on  the  other  liaiid,  propounded  the  theory 
that  the  molecules  of  a  magnetic  suimtiinco  are  alvuvs 
magnets;  and  that  the  reason  why  the  substance  ex- 
hibits uo  magnetic  properties  is  simply  becnuse  tbtt 
magnetic  axes  of  the  molecules  are  turned  indiiTerenil? 
in  every  direction.  According  to  this  theory,  the  pro- 
cess of  magnetization  consists  in  rotating  these  axes 
more  or  less,  so  that  they  shall  all  point  iu  the  same  ^x~ 
rection.  Evidently  if  the  magnetizing  force  he  powerfnl 
enough  to  place  these  axes  parallel  t<>  the  direction  of 
the  fleid,  the  maximum  amount  of  magnetization  ^^ 
sible  will  be  attained.  That  such  an  upper  lin)it  of 
magnetization  actually  exists,  Beetz  established  by  de- 

«osIting  electrolytically  a  line  filament  of  iron  parallel  to 
je  lines  of  force  of  a  magnetic  tield.  The  filament  wa» 
^^oftnd  tt:>  be  so  strongly  magnetized  that  no  further  per- 
manent magnetization  could  bo  produced  in  it  even  bi 
a  powerful  magnetizing  force  ;  while  the  increa^^  of  the 
temporary  nnigueti/ation  was  but  slight.  Hence  it  would 
appear  that  at  the  instant  of  deposition  eacii  moleculo 
bad  its  axis  placed  in  the  direction  of  the  magQetiting 
force.  These  experiments  of  Beetz  would  seem  to  he 
decisive  in  favor  of  the  theory  of  Weber.  This  theory 
is  known  as  the  theory  of  magnetic  polari2ation. 
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Experiments.— 1.  Fill  n  glass  lube  with  stt'el  liliugs  ami  magnet- 
ize  Ihem  by  drawing  Iho  nKirked  pole  of  a  strong  nmgnet  from  the 
middle  point  townrd  one  end,  and  the  unraarkwi  pole  from  this 
|K>iiU  lowaixl  the  other  end.  The  eut^>ti  will  act  wa  a  magnet  luid 
iKjese.Ha  pohihty.  one  end  attr.icling  and  the  other  fepelliug  tlie 
marked  end  of  a  sus|ientle<l  magnetic  needle. 

2.  Shake  the  tube  ^innigly  so  as  to  intermingle  thoroughly  the 
steel  particlevS.  If  now  ihemagneiio  axes  of  the  Hluiitrfi  have  been 
made  to  jmint  m  all  directions  etjually,  there  will  he  no  directive 
tendency  in  the  mass  as  a  whole,  and  both  ends  of  the  miw  will  at- 
tract the  marked  ur  Die  unmarked  end  of  a  8iis[»tiuded  needle.  Here 
it  is  plain  that  the  act  of  magnetiiuition  consists  simply  In  so  arrang- 
ing the  axes  of  a  lot  of  already  magnctiztKl  Alings  that  their  [lolari- 
ties  shall  all  point  in  the  same  direction. 

8.  Take  a  pieei*  of  WHteh-spring  ab>otU  ten  centimeters  long  and 
magnetize  it  in  the  ordinary  way.  Examine  tlic  f^tierislh  of  its  mag- 
netijuition  by  aseertaining  how  large  a  nail  it  will  support.  Then 
break  the  magnet  at  its  middle  point :  and  notice  that  two  complete 
magnets  will  result,  the  two  now  poles  developed  at  the  point  of 
fracture  being  nearly  the  equal  of  the  old  ones  in  strength. 

4.  Bend  a  waleh-spnug  nmt,niet  until  the  two  ends  are  in  con- 
tact. Tlie  ring  thus  formed  will  show  no  polarity  whatever;  thus 
proving  the  exact  equality  of  the  two  opposite  poles. 

AOSi.  Electrk'ul  Theory  ul'  Muyriietizaition. — Am- 
pere's theory  supposes  that  phcIi  magnetic  innlecule  is 
the  seat  of  an  electric  equjituriiJ  current  to  which  the 
axes  are  perpendicular.  Th(;  further  cnusidera-tinn  of 
this  theory  must  he  postpoueii  until  after  we  have 
discussed  the  muguetic  properties  of  the  electric  cur- 
rent. 
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8E<7noN  III. — Magnetic  Induction. 

A. — MAGNETIC  srsCEPTlBIUTY   AND  PEIIMEABIUTY. 

504.  Induced  Magnetizatlou. — Whenever  a  mag- 
netic substance  is  placed  in  a  magnetic  field  it  acquires 
magnetic  properties  and  becomes  polarized.  The  pro- 
duction rtf  magnetization  in  this  way  is  called  magnetic 
induction.  Paramagnetic  substances  like  iron,  when 
placed  with  their  axes  parallel  to  the  lines  of  force  of 
the  field,  are  magnetized  in  the  positive  <lirection ;  i.e., 
ao  that  the  end  where  these  lines  enter  becomes  an  nn- 
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marked  pole  and  tbHt  where  tbey  issue  &  marked  ooe. 
Dinmiiguetiu  subsUiufeH.  ou  thv  other  Laud,  are  iK>lftr> 
iaed  in  the  iuverse  direcU^m  ;  the  eud  where  the  lines  of 
force  enter  becoming  a  murked  pole  and  that  from  vhLcli 
they  eint^r^f  hu  uumivrketl  pole.  Iron  which  is  st»fi  in 
the  techuiciil  Mt*uso  is  soft  also  in  the  tuu^^uetio  seod^, 
and  loses  its  nia^uetizatiou  eutirely  when  remo^'ed  fmm 
the  luHj^uetic  fi**ld.  All  operations  which  teud  to  LunleD 
it,  such  itN  liftiriiiiering,  roiling, und  the  like,  luake  it  le^ 
eany  to  magnetize  and  cause  it  to  retain  more  or  len 
inn»;m'tization  after  removal  from  the  field.  Soft  stwl 
is  lua^tietized  iiimoKt  us  readily  as  soft  iron  and  losejt  iU 
magnetization  almost  as  readily*.  But  when  hardened 
by  sudden  coolinj^,  it  becomes  the  best  material  kuoin 
for  permanent  nwi^nets.  The  tobil  induced  maguetiz^ 
tion  while  in  the  inducing  field  is  the  sum  of  the  tempo- 
riiry  and  piTiiiitncnt  maijitu^tizations. 

5(15.  3[ii(;iu'tic  SuMCfptlbillty. — The  aaiount  of  in- 
duced magnetization  which  is  developed  when  a  ino^ 
netic  substunee  is  placed  in  a  maj^netic  field  is  deppod- 
ent  (1)  upon  the  strength  of  the  tit* Id  and  i2)  up*^a  Uie 
magnetic  properties  of  the  substance  on  wliich  the  in* 
ductiou  acts ;  that  is  to  say,  it  is  proportioual  to  the 
product  of  the  strength  of  the  field  hy  the  intensitv  of 
the  magnptixatiou  whiidi  a  unit  field  p^^duces  in  ihft 
substance.  Intensity  of  magnetization  /  has  been  (le*^ 
fined  as  the  ratio  of  the  magnetic  moment  to  the  volame: 
or  in  the  C  G.  S.  system,  as  the  magnetic  moment  of  one 
cubic  centimeter  of  the  substance.  So  that  if  k  repr^ 
sent  the  intensitj^  of  magnetisation  of  a  maguctic  sul)- 
staiice  iu  the  form  of  a  long  thin  bar  when  placed  in  n 
unit  magnetic  field  ])araliel  to  the  lines  of  force,  the  tot*L 
intensity  of  magnetization  when  the  substance  is  placed 
in  a  fiftld  of  strength  //  will  be  kll\  whence  /  =  k II  And 
k~l/ll.  The  relation  between  the  strength  of  the  field 
and  the  intensity  of  magnetization  which  it  prodncefi 
iu  a  long  thin  bar  of  a  snbstancc  when  placed  parallel 
to  the  lines  of  force,  is  called  the  magnetic  euBceptibility 
of  the  substance,  the  induced  magnetiziUion  being  the 


ElfEHGr  OF  ^TUEH  VORTJVk'i^—MAUIiETiSM.      059 

greater  in  proportion  au  the  Biisceptibilitj  in  greater. 
In  the  caae  of  such  a  bar  the  ratio  of  the  intensity  of  the 
mn^etization  to  that  of  the  lield  producin*;  it,  or  the 
inaf^uetizatiou  produced  by  a  field  whose  strengtli  is 
unity,  which  ratio  is  represeuted  by  h,  is  called  the  co- 
etHcieut  of  induced  uiaguetizatiou  or  the  coefficient  of 
magnetic  susceptibility, 

oHB.  Ma^iu'tic  Permeability.  — Another  mode  of 
expressing  the  same  result  has  beeu  suggested  by  Lord 
^Kelvin.  Since  the  number  of  lines  of  force  issuing  from 
pole  of  unit  maguetic  mass,  i.e.,  the  flow  of  force  from 
this  pole,  is  4:;r,  the  uuuiber  of  such  hues  euteriug  or 
leaving  a  pole  of  maguetic  mass  k,  developed  in  a  unit 
field,  will  be  4:nk\  aud  the  total  number  of  lines  travers- 
ing the  cross-section  of  the  pole  assumed  to  be  unity 
will  be  1  -(-4t^,  or  the  number  due  to  the  field  plus  the 
number  due  to  the  pole  which  the  field  induct^s.  The 
relation  between  the  total  flow  of  force  induced  across 
unit  of  area  of  the  maguetic  substance  aud  the  flow 
across  unit  section  of  the  inducing  field  alone,  is  called 
by  Kelvin  the  magnetic  permeability  of  the  substance  ; 
and  magnetic  permeability,  or  ^/,  is  defined  as  the  ratio 
of  the  number  of  lines  of  force  induced  through  unit 
area  of  a  substance  to  the  number  travt^rsing  unit  area 
of  the  field.  Or,  calling  B  the  number  of  lines  traversing 
unit  area  of  the  substance,  i.e.,  the  magnetic  induction, 
and  II  the  strength  of  the  inducing  field,  we  have  ^  = 
B/II\  whence,  since  ^i  —  \-\-\7tk^  we  have  B  =  ^11 
:=.  H -\-  A.7rkil  =  II-\-'i7TL  That  is  to  say,  the  magaetia 
induction  is  equal  to  the  strength  of  the  field  increased 
by  4;r  times  the  intensity  of  the  magnetixatiou.  If  in  the 
expression  >i  =  B/II,  the  value  of  //  is  unity,  ft  will  e\i- 
dently  represent  the  number  of  lines  of  force  which  trav- 
erse unit  area  of  the  substance  when  placed  in  a  field  of 
unit  strength  perpendicular  to  the  lines  of  force.  Tliis 
is  called  the  coeflicient  of  permeability  or  the  coefficient 
of  ma^etic  indaction.  Magnetic  permeability  may  be  con- 
sidered as  *•  the  conducting  power  of  a  magnetic  medium 
for  lines  of  force  "  (Faraday) ;  or  as  "  the  specific  mag- 
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neiic  inductiTe  capacity  of  the  mecliam  "  (Maxwell).  TL. 
total  flow  of  ftirce  tbrougli  any  aurface,  therefore,  U  /i.s; 
i.e.,  is  the  product  of  the  magnetic  iudiiction  tliroogh 
unit  surface  by  the  utitnl^r  nf  such  uuits. 

5117.  Lint^N  Att  liidiu'ttoii.  —  The  (lirections  aIod" 
which  njHgueiic  iiitlarti<^tu  tiikeH  place  may  be  oalltvi 
lines  of  induction.  Tliese  lines  coincide  with  lines  of  forri* 
ouly  iu  a  magnetic  field.  Within  a  magnet  the  liueiii-! 
induction  are  not  parallel  to  the  lines  of  force,  but  bAi«? 
a  direction  varying  with  tlie  molecular  condition  of  the 
BubHttince.  All  the  lines  of  induction  within  an  iuducrd 
nifignet  are  directed  from  the  negative  pcde  t<>  the  ])()m- 
tiv6,  while  outside  they  go  from  the  positive  toward  tli? 
negative  pole  ;  tlie  Hues  of  force  in  both  casen  being 
directed  from  the  positive  toward  the  negative  pol** 
(Maxwell).  The  result  is  that  a  magnetic  pole  continn- 
ally  tcudH  to  repel  its  own  maguetizatiou,  and  tha&  to 
weaken  itHclf.  On  the  contrary,  two  opposite  magnetic 
poles  streugtheu  each  other  by  induction  although  tbej 
weaken  each  other'H  fields. 

*ii\H,  Curvet*  of  MagnetiKuf  Inn.— Hystero.HiH. — When 
a  rod  of  iron  is  subjected  to  a  gradually  increasing  mug- 
netic  tield»  the  int^Misily  of  magnetization  increases  a* 
first  approximately  with  the  magnetizing  force,  and  then 
more  slowly  tending  toward  a  limit.  Since  ther«fuN 
/.  or  the  intensity  of  magnetization,  has  still  a  finite 
value  wlifii  //,  or  the  magnetizing  force,  is  infinite,  Iho 
value  of  l\  the  coefficient  of  susceptibility,  must  lend 
toward  zero  as  its  limit.  This  limiting  value,  tf»wiitxl 
whici)  the  intensity  of  magnetization  tends  as  a  maximam, 
is  called  the  point  of  sataration.  In  the  case  of  iron,  tliia 
term  has  reference  t<»  tlie  maximum  value  attainable  bv 
a  bar  while  under  induction.  In  the  case  of  steel,  how* 
ever,  the  term  is  usually  employed  with  reference  to 
permanent  magnetization,  so  that  steel  magnets  ar» 
sometimes  said  to  be  supersaturated.  That  is,  aft«r 
magnetization  they  gradually  lose  their  force  at  a  de- 
creasing rate  for  days  and  even  weeks  frequently  ;  becom- 
ing finally  notiuttV.    XtAs»  ^vo^^ifta  may  be  hastened  by 
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any  operation  whicli  facilitates  molecular  rendjnstn 
fiucL  as  heating  and  cooling,  taps  with  a  lianiiner, 
the  like. 

If  the  reHnlts  of  magnetization  he  plotted,  ma 
the  magnetizing  forces  the  abBcissas  and  the  induce 
tensities  of  magnetization  the  ordinates,  curves  wi 
obt-Hined  (Fig.  282 1,  sLowiug  the  law  of  variation  foi 
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es  of  metal.     In  the  case  of  soft  wroi 
rve  rises  rapidly,  attaining  a  value  ol 
for  a  magnetizing  force  of  4  C.  G.  S.  n 
^e»  its  direction  and  develops  only  an  i 
units  when  the  magnetizing  force  re? 
ider  the  action  of  very  intense  niagnel 
^  has  obtained  a  value  which  for  wroi 
-iron,  for  several  kinds  of  steel,  f(ir  n 
t.  is  sensibly  constant     The  field  req 
izing  force  of  *2000  C.  G.  S.  units  for  wro 
nickel,  and  of  less  than  4000  C.  G.  S. 
and  for  cobalt     The  constant  value  o 
ou  B  =  //+4n-/,  he  found  to  be  for  n 
C.  G.  S.  units,  for  cast-iron  15580  unit 
uuits,  and  for  wronght-iron  21360  units, 
dues  the  maximum  intensity  of  magnc 
^ht-iron  is  attjiiued,  since  it  does  not 
Q  when  the  field  varies  from  2000  io  i 
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If  a  long  thin  rod  of  irou  be  placed  in  a  niagnekie 
field  pariillel  to  the  Hues  of  force,  and  if  the  strength  ol 
the  field  be  raised  from  zero  to  a  ofr»rtaiio  valne  H,  the 
curve  of  ruagueti^^ation,  as  ab*3ve, 
will  be  represented  by  the  line  OA 
(Fig.  283).  If  now  the  field  i>e  (ii- 
niinished  again  to  zero,  the  inten- 
sitv  will  not  follow  the  same  valaM 
in  decreasing  order,  but  will  d*' 
scribe  the  upper  curve  AA' ;  so 
that  when  the  magnetizing  fore« 
has  he«ome  zero,  the  magnetizatii>n 
hits  a  considerable  value,  OA\  Ou 
increasing  again  the  strength  of  the  fiold  to  //,  the  lover 
curve  A' A  is  described,  and  so  on  ;  the  cycle  beiug  cctD- 
tiuuall}-  traversed  in  the  order  indicated  by  the  arrowg. 
To  secure  this  result,  however,  it  is  necessary  that  tbe 
bar  should  have  a  leugth  300  to  400  times  its  diameter, 
and  should  be  carefully  protected  from  vibration ;  tbe 
remanent  magnetization  being  practically  zero,  when  the 
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bar  is  subjected  to  sliouks.  If,  instead  of  causing  the 
magnetizing  force  to  vary  between  zero  and  /T,  it  be 
made  to  oscillate  between  —  //  and  +/7,  the  curve  de- 
scribed is  that  given  in  the  figure  (Fig.  284).  The  initial 
magnetization  ia  represented  by  the  curve  OA,  the  mag- 
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etiziug  force  iucreasing  from  zero  to  //.   As  the  values  of 
IH  force  decrease  from  -^  N  to  —H^  the  luagnetizatioa 
iliows  tlie  curve  AVA'  \  anil  as  it  increases  again  from 
//  to  -f~  ^A   the   magnetization   describes    the   curve 
* BA ;  the   cjcle  being  repeated  always  in  the  same 
rder.     For  the  same  value  of  the  magnetizing  force^ 
erefore,  the  magnetization  possesses  two  values,  being 
reater  in  the  descending  than  in  tlie  ascending  order; 
that  the  magnetization  of  a  bnr  would  seem  to  depend 
ot  upou  the  actual  couditiims  of  th«  experiuu>ut  alone, 
but  also   upon  its  previous  state.     There  is   therefore 
^id  to  be  a  retardation  of  the  magnetization  in  relation 
the  magnetizing  force  ;  and  the  phenomenon  is  called 
ysteresifl  by  its  discoverer,  Ewing.     The  curves  are  the 
lore  separated  in  proportion  as  the  coercitive  force  is 
reater.     There  is  therefore  a  dissipation  of  energy  on 
agnetizatiou,  the  amount  of  which  is  proportional  to 
e  area  of  tlie  cycle  ;  and  hence  iron  is  heated  by  re- 
eated  magnetization  and  demagnetization. 

rtOO,  Values  of  Mni;notic  Coustants.—Tho  C.  G.  8. 
nit  of  iut^Misity  of  magnetization  is  tliat  of  a  bar,  the 
agnetic  moment  of  which  is  one  C,  G.  S.  unit  and  the 
Tolume  of  which  is  one  cubic  centimeter.  The  C,  G.  S. 
unit  of  magnetic  moment  is  the  moment  of  a  bar  which 
when  placed  in  a  field  of  one  C.  G.  S,  unit  strength  with 
its  axis  perpendicular  to  the  lines  of  force,  is  acted  on 
bj  a  C,  G.  S.  unit  ct>uple.  Since  the  dimensions  of  force 
^^  are  MLT'^,  the  dimensions  of  magnetic  mass  of  pole 
=  F^L  are  J/*Zi7''*.  the  dimensions  of  streuglh  of 
^AiXH^  F/m  are  J/*L"*7^'',  the  dimensions  of  magnetic: 
moment  J/ =  ffii  are  M^LtT-\  and  the  dimensions  of 
intensity  of  magnetization  /=  M/  Fare  M^L~^T'\  or  the 
Baxoe  as  the  dimensions  of  strength  of  field. 

The  maximum  intensity  of  magnetization  of  which 
iron  is  capable  appears  to  be  about  16()0  C.  G.  8.  units, 
attained  in  Bithvell's  experiments.  Ewing,  using  a  field 
vai-ying  in  strengtli  from  0  to  60  C.  G.  S.  nnits^  obtained 
an  intensity  of  1200  C.  G.  8.  units  as  a  maximum.  The 
value  of  /  obtained  bv  R<3wlaud  for  cobalt  was  800  C.  G.  8. 
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aniU  AH  u  maxiraam,  and  for  uickel  -404.  For  steel  tlv 
permanent  intensity  of  i u ague tizu tic u  varies  with  difTeneai 
HpecimeuH,  from  400  C.  G.  S.  (Welxir)  huJ  470  C.  G.  S. 
(vou  Wiilteuliofeu)  tf)  785  (Rowland)  and  878  (Hopkb- 
sou).  Since  k  =  ////,  the  value  of  the  suHueptibiUtvcu 
be  obtained,  knowinj^  the  intensity  of  the  iuduceJ  mag- 
netization  and  the  t^trength  of  the  iuduciug  field,  lu 
rnaxiinuni  vahio  is  reachi^d  when  the  field  is  verv  feeble, 
M'hen  the  irtm  is  very  soft,  and  when  it  i«  carefully  pri>- 
tected  from  vibratiou.  With  a  magnetizlu^  force  of  i'C 
to  3  units,  the  valne  of  Ic  may  rise  to  200  or  275,  U 
however,  the  rod  is  jarred  during  lua^^uetizatioD,  \\ 
reacheB  ita  maximum  with  a  field  of  a  nferength  of  onh 
0'2  unit,  and  may  then  reach  a  value  of  IriOO.  Ou  the 
other  hand,  with  very  intense  fields  the  magnetic  HU&c«p- 
tibilitj  may  fall  as  low  as  0*15.  The  valae  of  jt  for  iron 
is  given  by  Barlow  as  32-8,  by  Thalen  »t.s  32  t*^>  44»  bj 
A,  Smith  as  80  to  90,  by  8t<detow  21  to  174.  by  Rowland 
in  Norway  iron  366,  and  by  Ewing  in  thin  soft-iron  wire* 
as  1300  to  1400.  In  the  case  of  steel,  k  reaches  its  iu»v 
ininm  of  from  10  to  35,  according  to  its  character,  wills 
a  magnetizing  force  of  25  to  40  C.  G.  S.  nnits. 

The  maximum  magnetic  induction  of  which  a  im^ 
netic  substance  is  capable  is  the  same  quantity  a«  it> 
maximum  intensity  of  magnetization,  although  expressed 
in  terms  of  the  lines  of  force  traversing  unit  area  of  th*' 
metal.  The  magnetic  induction  /?  is  4?  times  the  iuteu- 
sity  of  magnetization  plus  the  strength  of  the  indui-ioj; 
field  ;  B  ^  47r/  -f  //;  or  since  B  =  ^H  and  /  =  klL  «e 
have  ^  =  1  -f-  4?rl*,  which  gives  the  permeability  in  temi* 
of  the  susceptibility.  Tlius,  for  examjde,  a  speoiueti  of 
iron  for  which  k  has  the  value  250,  will  have  a  pennr»- 
bility  of  above  3000  and  be  caj>able  of  receiving  a  mag- 
netic induction  of  about  32000;  i.e.,  of  ha^^ng  32ii0(* 
lines  of  force  traverse  it  per  square  centimeter.  TLe 
values  found  for  B  differ  greatly  according  to  tli* 
quality  of  the  iron  used,  Rowland  gives  16600  for 
wrought-iron,  Kapp  16740  for  wrouglit-iron,  20460  for 
Bheet-iton,  anvl  23250  (or  iron  wire ;  and  Hopkinson  18250 
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or  wrouglit-iron  and  19840  for  mild  steel.  In  u  field 
i  220,  tlie  iudactit»u  reucheJ  11000  for  eaBt-irou ;  tlie 
esiduikl  ituluctiou  being  alxitit  5000.  The  inductiou  iu 
'xity  caht-iroa  with  a  field  of  240  reached  10783  ;  in 
ioUled  cHst-irou  10540 ;  iu  malleable  cast-iron  12408. 
pring  by  the  use  of  au  eriormows  nnignetiziiig  force  has 
Iriveu  the  inductiou  iu  Lowmour  iron  up  to  31500,  and 
veu  to  40(MX) ;  the  permeability  being  lowered  iu  the 
L^rmer  case  to  three  and  in  the  hitter  to  two.  Hoj>kin- 
ou  has  found  that  a  Hteel  containing  12  per  cent  of  man* 
anese  is  curiously  non-mti^uetic,  the  maximum  iuductiou 
mug  only  310.  If  Ewiiig*8  values  be  plotted  with  the 
laguetizing  forceH  as  abscissas  aiul  the  permeability  aa 
[rdinates,  the  curves  obtained  will  l>6  equilateral  h^'^er- 
olas,  ha%*ing  //  rz  0  and  /<  =  1  as  asymptotea. 

The  following  table  gives  the  values  of  the  various 
ftgnetic  constants  as  determined  by  Bidwell : 


TABLE  OP  I 

«AGNETIO 

CONSTANTS. 

// 

k 

1 

n 

R 

3-9 

151-0 

587 

1899-1 

7390 

10-3 

89-1 

918 

1121-4 

11550 

400 

30-7 

1220 

386-4 

15400 

115  0 

11-9 

1370 

150-7 

17330 

20H  n 

70 

1452 

88-8 

18470 

4270 

3-5 

1504 

45-3 

1V>330 

585-0 

2'6 

1530 

33-9 

19820 

Iu  the  first  column  the  values  represent  the  uuniber 
f  lines  of  force  per  square  centiiiieter  in  the  field  alone  ; 

tlie  last  coluniUt  the  number  in  the  iron  within  the 
Id,  Since  h  =  J/ II  and  ^  =  B/JIt  the  values  in  the 
Iier  columns  are  readily  obtained  from  these  (Thorn  p- 

n). 

The  value  of  the  susceptibility  it  is  always  positive 
r  paramagnetic  substances  such  as  iron  ;  while  for  dia- 
agnetic  substances  such  as  bisninili  and  cojijier  it  has 

bly  negative  values.  The  permeability  ;/,  however,  is 
ways  positive.  In  the  caseof  paramagnetic  substances 
e  permeability  uever  falls  below  unity.     The  value  of 
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k  for  biFrnath  ia  —  •000002o,  and  the  value  of  ^  ii 
O-DyJilUG^oS^.  This  metal  is  the  strongest  diamapietie 
Hnbstaiicc  konwii,  and  its  permeability-  its  the  smallefitof 
any  kuowu  substance. 

ExAMPi.ES.— 1.  Suppose  a  rod  of  aoftironatniUiTneterindinaettr 
and  50  crtitimeten)  long  to  be  placed  in  tli«  eartli's  Geld  of  fun». 
paralU'l  ro  iu  liiicfl.  8inco  llio  slrengih  of  the  enrth*)!  field  ia(rilj 
dyne  al  I'hiladflphlit.  the  inti'nsity  of  the  induced  tnnsiDetizaliootiJ 
the  bnr,  supposing  the  susceptibility  k  to  be  40  for  this  inducio|| 
force,  will  Iw  0  61  x  40  or  24  4  C.  G.  S.  units. 

2.  Since  thu  intensity  of  uiagnotixatUiU  is  the  mtio -■ 
iietiu  moment  to  tho  voiuuie.  the  magnutic  moment  of  i:. 
be  obtuiited  by  multiplying  lliu  intensity  of  luHgiietizaUnu  iiiwt«' 
obtained,  by  the  volume.  Thu  volntno  of  the  rod  is  irt-^l  orO-4ralir' 
centiniHer;  whtMiot)  the  uuignctie  inomont  of  the  moguet  iliianuRb 
is  24'4  X  0-4  or  9'70  C.  U.  S.  units. 

3.  The  eiirt'niclh  of  the  pole  of  this  magnet  is  the  prodoetofl 
intensity  of  iQagrii<li»Ltion  by  the  section  of  the  rod.    The  scctiooM' 
Jiri/'  or  '0O7H54  8<]u;iro  centimcler;  whence  the  atrenmh  of  tboiek 
is  24 -4  X  OOTHM  or  0193  wcbt-r.     Such  a  pole  will  rep- 
pole  placed  nt  a  distanceof  ten  eeutimclers  with  the  force  "i 
orOOOOaCO  .lyne. 

4.  If  a  majrnetized  steel  bur  a  centimeter  in  cross -sect  ion  hi 
arranged  to  move  about  a  pivnt  in  a  horizontal  plane  Iho  fnrteicl- 
ing  on  each  of  its  itoles  when  in  thu  ea^t  and  west  poeitioo.  6a^ 
posiug  the  intensity  of  its  magnetization  to  be  785  C.  G.  S.  unit»- 
and  therefon*.  liinee  m  =  IS,  the  strength  of  each  p"!"  '"  '"*" 
C.  G.  S.  nnitR  — will  he  mff:  or,  since  the  value  of  H  in  Tl 
is  0-195.  will  be  78r.  %  0  195  or  1580  dynes.  This  is  ef|nivalciil 
1630/980  or  0  I5rtt  gnim-wt'islit  for  each  pole  or  0  3123  srraaiM 
weight  for  lx>lh  p<)le8;  and  this  is  the  weight  which  must  bphuntj 
ou  fine  cords  passing  ovor  jmlleys  in  order  to  keep  the  magnot  in 
east  and  west  |K.>sition. 

5.  If  we  suppose  this  steel  bar  to  be  50  centimeters  long,  ll 
couple  acting  on  It  in  Its  east  and  west  iK>8ition  will  have  a  idot 
ifffor  loUf,  if  }f  —  ml.  The  moment  nf  the  couple  will  bcTMx 
50  X  0195  i.p  7tiri4  r.  G.  8.  nnlts. 

570.   M»$;n('llr  and   KleotroHtAtlo   Inilnotloii.  —  ln{ 

magnetic  as  in  «»]eetroHtatic  inclnction,  mat»iietization  bjj 
iuduL'tion  precedes  attraction.     But  magnetic  iudnctioo' 
differ.s  from  electrostatic  induction  in  the  fact,  first,  that 
it  acts   l>etween    molecules   and   not   between  Dia<"- 
secouii,    i\\a\.  \.\\ft    ft.e,\\rk\i    between     uiaguetH   and    n 
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netic  substances  is  always  attractive  uud  never  repulsiTe; 
and,  third,  thai  magnetic  attraction  is  not  a  general 
property  of  matter,  but  is  limited  to  a  few  Bubatauces. 


B. — MAGNETIC  SOLENOIDS  AND   SHELLS. 

571.  Solenoidal  Filament. — For  purposes  of  discus- 
tiion,  two  theoretical  urran^'emeuts  of  the  mu^uetiziition 
with  reference  to  the  magnetic  axis  are  em})lnved.  In 
the  one  the  arrangement  is  linear  in  the  direction  of  the 
axis,  and  the  arrungeinent  is  called  Bolenoidal.  In  the 
other  it  is  superticial,  in  a  plane  perppiidiciilar  to  the  axis, 
and  the  arr^uigemeut  is  called  lamellar.  A  series  i^f 
identical  magnetic  elements  placed  aloii^  a  straight  or 
curved  line  so  that  their  axes  coincidw  with  this  line  und 
all  point  in  the  same  direction,  constitutes  a  solenoidal 
filament.  Since  the  luarked  poh?  of  each  eleuient  is  in  con- 
tact with  the  unmarked  pole  of  the  element  next  to  it, 
the  whole  constitutes  a  magnetic  dlament  of  indetinitely 
»nial]  and  constant  crosH-section,  and  *)f  constant  in- 
tensity of  magnetization,  which  is  neutral  throughout  its 
length,  and  is  terminated  by  equal  magnetic  masses  of 
opp<^site  sign.  The  attraction  of  such  a  lilament  is  re- 
duced simply  to  that  of  these  two  terminal  magnetic 
maHses,  and  depends  only  on  their  position  ;  being  inde- 
]>endent  alike  of  the  form  and  of  the  lengtli  of  the  filament. 
If  several  such  straight  iiLinieuts,  all  t^xaclly  alike  and 
parallel,  be  suitably  associated,  they  will  form  a  cylinder 
M'hoHe  magnetizatiou  will  be  uniform  throughout,  and 
will  lie  free  only  at  the  terminal  faces.  SucJi  a  cylinder 
ia  called  a  simple  solenoidal  magnet  *' A  magnetic  solenoid 
is  an  infinitely  thin  bar  of  any  form,  longitudinally  mag- 
netized with  an  intensity  var}'ing  inversely  as  the  area 
of  the  normal  section  in  diiferent  parts  "  (Kelvin),  In 
the  case  of  such  a  magnetic  solenoid,  the  filament  of 
magnetic  matter  is  so  magnetized  that  the  intensity 
of  magnetization  is  the  same  at  every  cross-section ;  so 
that  the  product  of  this  intensity  into  the  area  of  a 
irmal  section  ia  everywhere  constant     This  constant 


product  is  called  the  ma^etio  strexL^h  of  the  soknoid; 
and  the  maguetio  moment  of  any  portion  of  it  is  eqnal 
to  the  product  of  the  magnetic  ntreugth  of  th- 
by  its  leuyth.  Siijce  /=  wti/v,  the  nuw^netic  »ti 
is  equttl  to  udS/v  ;  which,  since  IS/v  =  1,  is  equal  to  «. 
lu  other  w(»rds,  the  magnetic  strength  of  a  i»c>leuc<i(lal 
magnet  is  what  we  have  called  the  magnetic  maAsofft 
pole.  If  a  unmber  of  magnetic  solenoids  of  different 
lengths  be  placed  togetber,  so  as  to  produce  a  single 
indefinitely  thin  magnet,  this  magnet  is  called  a  complu 
solenoid;  and  its  strength  at  any  section  is  the  aumof 
the  strengths  of  all  the  simple  solenoids  which  Ji.>^ 
through  that  section.  "The  action  of  a  magnetic  r*<  > 
noid  is  the  same  as  if  a  quantity  of  positive  or  nortbent 
imaginary  magnetic  matter  numerically  equal  to  its  mag- 
netic strength  were  placed  at  one  end  and  au  eqaiJ 
absolute  quantity  of  negative  or  southern  matter  at  ihe 
other  end  **  (Kelyin).  The  action  of  a  magnetic  sole- 
noid is  therefore  independent  of  its  form,  and  dej^eniU 
solely  on  its  strength  and  on  the  jKisiticm  of  its  extremi- 
ties. The  ends  of  a  solenoid  may  consequently  be  rftlleJ 
in  the  strict  sense  its  poles.  The  potential  tlue  to  snch 
a  solenoid  is  evidently  the  algebraic  sum  of  the  poten- 
tials of  its  ends.  So  that  if  m  and  —  m  be  the  streu^ 
of  the  poles,  and  7,  and  ?,  the  distances  frcun  these  polfs 
to  a  given  point,  the  potential  Fat  tlie  given  point  wiJl 
be  simply  m/I,  —  w//,;  or  F'=  ni(l/?,  —  1/?J.  If  tLi> 
solenoid  be  closed  upon  itself  so  as  to  form  a  ring,  th* 
potential  at  every  point  is  zero,  and  it  exerta  no  magnetic 
aedou  externally. 

572.  Magnetic  Bliells. — If  the  magnetic  molecnleA, 
instead  of  being  arranged  linearly  with  their  axes  in  the 
same  line,  are  arnmged  side  by  side,  in  li  plane  or 
curved  surface  i>erpentlicular  to  the  direction  of  these 
axes,  au  infinitely  thin  sheet  of  magnetic  matter  will 
be  obtained,  which  is  called  a  magnetic  shell,  the  arrazi}^ 
ment  being  evidently  a  lamellar  one.  A  mafj^netic  shell 
is  therefore  defined  as  an  indefinitely  thin  sheet  of  • 
magnetic  ftu\>ftUa\c^  o\  vv\rs  l«.ix>x\,  iuav;ueti2ed   in  a  di* 
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rectiou  everywhere  uormal  to  its  surface  witb  an  intec- 
eity  varying  inversely  as  the  thickness  in  different  parts 
(Kelvin).  The  constant  product  <»f  the  intensity  of 
magnetization  at  any  pointy  into  the  thiokuess  at  that 
[point,  is  called  the  magnetic  strength  of  the  shell  at  the 
point.  And  the  product  of  the  nmgnr'tic  strength  into 
the  area  of  any  plane  portion  is  the  magnetic  moment  of 
that  portion.  A  shell  whose  stren^^th  is  everywhere 
equal  is  called  a  simple  magnetic  shell.  If  the  strength 
▼ariea  from  one  point  to  another,  the  shell  is  called  a 
complex  magnetic  shell;  and  the  result  may  he  viewed  as 
due  to  the  superposition  of  a  number  of  overlapping 
simple  shells.  The  potential  of  a  magnetic  shell  at  a 
point  Aj  whose  mean  distance  is  r  (Fig.  285),  is  the  quo- 
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tient  of  the  magnetic  moment  by  the  square  of  thia 
distance  (56());  or  F^  =  [<PS  cos  a)/r*  \  where  her  or  0  i» 
the  magnetic  strength  of  the  shell,  S  its  area,  and  oe 
tiie  angle  which  a  line  drawn  from  the  point  niakcH 
•vith  a  normal  to  the  positive  surface;  Le.,  with  the 
inagnetic  axis.  But  the  solid  angle  subtended  by  a 
Hurface  S^  as  seen  from  a  point,  is  the  ratio  of  the 
component  normal  to  the  line  drawn  from  the  point  to 
th**  surface,  to  the  square  of  the  mean  <listan(!e ;  i.e., 
i0=  {S  cos  cf)/r*.  Whence  V  =  4>a}\  or  the  potential  at 
any  point  due  to  a  magnetic  shell  of  any  form  is  equal 
to  the  solid  angle  subtended  by  the  shell  at  that  point, 
mnltiplied  by  the  magnetic  strength  of  the  shell  (Gauss). 
Since  the  magnetic  strength  is  constant,  the  eqnipo- 
tential  sui-faces  of  such  a  shell  are  defined  by  the  con- 
dition  that  from  every  point  on  any  one  surface   the 
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apparent  area  of  the  shell  is  the  same.  As  to  the  aigB 
of  the  potential,  the  above  formula  bLows  that  it  will 
be  positive  or  uegative  accordiug  as  the  augle  a  is  jicnte 
or  obtuse ;  i.e.,  according  as  the  point  views  the  posi- 
tive or  the  uegative  surface  of  the  shell.  The  poteutiftl 
energy  of  a  unit  positive  pole  at  a  point  on  the  {>ositiT« 
side  of  the  shell  being  the  product  of  the  streugth  iA 
the  pole  into  the  pot^^ntial  due  to  tlie  Hhell  at  the  given 
poLut,  is  of  course  *&? ;  and  the  poteutifil  euergj'  of  & 
positive  magnetic  pole  of  strength  rn,  is  m4*(o.  Since 
such  a  polp  will  tend  to  move  in  the  direction  in  which 
its  potential  energy  diminishes  most  rapidly,  this  pole 
will  experieuca  a  force  tending  to  move  it  along  a  liue 
of  force  from  the  positive  to  the  negative  side  of  thu 
shell.  If,  however,  the  pole  be  fixed  instead  of  the 
shell,  the  shell  will  tend  to  move,  so  as  not  oulj  to 
diminish  its  positive  area,  but  to  increase  its  negative 
oue ;  i.e.,  it  will  tend  to  rotate  on  a  diameter  as  an 
a&iB.  Hence  the  position  of  stability  of  a  magnetic 
shell  in  a  field  is  the  position  which  con^espouds  to  tb*^ 
mininiuni  potential  energy  ;  that  is,  when  the  number 
of  lines  of  force  which  enter  its  negative  surface  is  « 
maximum.  And,  in  general,  the  potential  energy  of  the 
shell  is  the  product  of  the  streugth  of  the  shell  by  the 
number  of  lines  of  force  which  enter  its  negative  face, 
taken  M'ith  the  contrary  sign,  ir=  —  ^Q, 

If  the  point  be  taken  indefinitely  near  to  the  sur- 
face of  the  shell,  or  if  the  shell  be  indefinitely  large, 
the  solid  angle  subtended  by  the  shell  will  differ  inap- 
preciably from  ISC^  or  ^n\  whence  the  potential  at  such 
a  point  will  be  ^7t0  ,  positive  if  the  point  be  op]>ositif 
the  positive  face,  negative  if  opposite  the  negative  one. 
To  move  a  positive  magnetic  pole  of  strength  i/»,  there- 
fore, from  such  a  point  on  the  uegative  aide  of  the  shell 
to  a  similar  point  on  the  positive  side,  work  must  l>e 
done  upon  it  equivalent  to  the  difference  of  potentials 
between  the  points,  i.e.,  to4T0m;  so  that  the  jmv 
tential  on  the  positive  surface  of  the  shell  exceeds 
that  on  tUti  ue^aU-v^  viwclafift  by  4ar^.     So,  on  the  other 
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Land,  if  hucL  a  pole  of  etreugth  m  be  placed*  on  the 
positive  side,  it  will  tend  to  move  round  to  the  negative 
side,  and  in  so  moving  will  do  im  amount  of  work  precisely 
tlie  equivalent  of  the  potential  energy  it  loses,  ^7T(Pm, 
If  the  magnetic  shell  forms  a  closed  surface,  the  action 
it  exerts  upon  an  external  point,  l>eing  the  algebraic 
8uin  of  two  equal  and  opposite  values  ^IfS  and  —  0.*?, 
will  of  course  be  zero.  The  potential  outside  a  closed 
magnetic  shell  is  everywhere  zero,  therefore ;  and  the 
potential  in  the  space  within  the  shell,  as  the  difference 
on  the  two  sides  is  4;r0,  must  be  4/T0  ;  positive  if  the 
positive  face  is  turned  inward,  negative  if  the  revei-se 
is  true.  Since  the  potential  is  zero  outside  the  shell 
and  is  constant  witliin  it,  such  a  shell  exerts  no  action 
on  a  pole  placed  either  inside  or  outuide  of  it. 

a — DISTRIBUTION  OF  MAGNETIZATION, 

673.  Distribution  within  u  Magnet. — Magnetization 
differs  from  the  electrification  of  conductors  in  the  fact 
that  its  distribution  is  not  confined  to  the  surface,  but 
penetrates  into  the  interior  ;  thus  resembling  the  elec- 
trification of  non-conductors.  In  consequence  the  ex- 
perimental determination  of  the  magnetic  distribution  in 
the  case  of  any  given  magnet  is  not  possible.  Whatever 
the  Jictnal  distribution,  however,  it  is  capable  of  demon- 
t»trution  that  its  action  as  a  whole  is  equivalent  to  that 
of  two  equal  superficial  layers  of  contrary  signs  distrib- 
uted over  the  surface  according  to  a  definite  law.  Such 
a  double  fictive  layer  Avill  not  be  in  general  a  layer  of 
equilibrium  and  the  lines  of  force  will  not  be  normal  to 
the  surface.  Its  total  mass  will  of  course  be  zero,  and 
its  component  masses  will  be  distributed  towanl  the 
ends  of  the  magnet  and  separated  by  a  neutral  line. 
Further,  the  total  magnetism  of  a  magnet  is  made  up  of 
two  portions :  one  that  kept  in  place  by  the  coercitive  force 
and  called  fixed  magnetism  ;  the  other  produced  by  the 
induction  of  the  first  portion  upon  the  magnetic  substance, 
and  which  is  induced  magnetism.     Since  lliese  two  react 
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npon  each  other  to  dimiuiHL  the  magnetisation  u  a 
whole,  tlie  apparent  magnetization  of  a  maguet»  which  k 
ail  that  is  directly  obsorvable,  is  praoticHllr  of  little  a** 
in  determining  either  the  intensity  or  the  diBtribatiftu  nf 
the  m;iguetism  in  the  magnet.  Calculation  shows,  how- 
ever, that  when  the  demagnetizing  force  is  proportional 
at  each  point  to  the  rigid  magnetization  there,  the  U» 
c»f  distribution  is  tin*  same  as  if  this  Hecondarv  indnctir^ 
effect  did  not  take  place.  This  is  the  fact  in  the  cane  of 
a  uniformly  magnetized  sphere,  of  an  ellipsoid  nniformW 
magnetized  along  one  of  the  axes,  and  of  an  indefinite 
straight  cylinder  magnetized  perpendicularly  to  the  aiis. 
The  demagnetizing  force  is  the  least  possible  with  thin 
plates  or  for  very  long  cylinders. 

o74.  ICxporiinontal  Detpnuiuation  of  DUtribatiao. 
^Every  actual  bar  magnet  may  be  IcKiked  upon  a9& 
complex  magnetic  solenoid,  whose  crosa-section  is  cou- 
htant  and  whose  strength  is  variable  at  dilfereut  parU  of 
its  length.  A  linear  arrangement  of  magnetized  particles 
all  exactly  equal  in  strength  would  produce  a  aiapufst 
with  poles  at  its  ends,  the  only  free  magnetization  being 
on  its  end  surfaces.  If  the  magnetized  pardcles  are 
unequal  in  strength  and  increase  fi*om  the  center  toward 
the  ends,  there  will  be  a  maximum  of  free  magnetization 
at  these  ends;  but  free  magnetization  will  also  exist  at 
intermediate  points,  being  zero  at  the  center,  then  rising; 
to  a  maximum  and  decreasing  toward  the  ends,  where  the 
Hecoud  and  ]>rincipal  maximum  is  reached.  If  as  a  third 
case  the  increase  in  the  magnetization  of  the  particles 
takes  place  from  the  ends  toward  the  center,  there  will 
bo  no  effect  at  the  center,  and  the  free  magnetization  will 
gradually  increase  toward  the  ends,  where  it  will  reach 
its  maximum.  This  condition  of  things  is  the  one 
observed  in  actual  magnets.  And  in  fact  if  a  series  of 
short  steel  cylinders  be  arranged  axially  to  form  a  bar 
and  then  magnetized,  it  will  be  found  that  the  central 
ones  of  the  chain  are  more  highly  m/ignetized  than  thoa? 
at  the  extremities.  In  consequence  of  this  presence  of 
free   magnetism  M  joints  other  than  the  extremities 
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of  the  bar,  the  poles  of  the  magnet,  Biuce  they  are  the 
poitits  tlirongh  which  the  resultant  force  passes,  ore  not 
at  the  ends,  l>ut  are  slij^htly  witbin  tLem. 

1.  If  ethod  of  OBCiUations. — Coulomb  sought  to  ascertain 
the  arrangement  of  magnetization  along  a  bar  by  oscillat- 
ing a  small  magnetic  needle  opposite  difTorent  points  nf 
its  length.  The  needle  was  IH'5  milliuietors  long  and 
6'7  millimeters  in  diameter,  and  was  suspended  by  a  silk 
fiber.  In  order  to  decrease  the  rapidity  of  its  oscilla- 
tions, a  piece  of  copper  wire  25  millimeters  long  and  4o 
millimeters  in  diameter,  with  its  axis  horizontal,  was 
fastened  beneath  the  needle  and  OKcillated  with  it  The 
magnetic  bar  was  a  wire  73  centimeters  long  and  about  4 
millimetiM's  in  Uiaraotf^r,  fastened  to  a  btmrd  and  fixed 
Tertically  about  18  millimeters  fnnn  the  needle  and  in 
tho  magnetic  meridian  with  it.  Since  the  forces  acting 
are  as  the  square  of  the  number  of  i-tsciljatious,  we  have 
F  :/+  F  ::  n'  :  N\  where  F  is  tho  force  of  the  eavtii's 
field  alone,/ that  of  the  magnet,  n  the  number  of  oscilla- 
tionh  per  niiuntt'  for  the  former,  and  N  for  the  latter  plus 
the  former.  Whence /*//'  =  (  A^"  —  n')/w'.  Repeating  the 
experiment  at  a  point  13't5  millimeters  from  the  first,  we 
have y  :  /^::{xV" —  yt')/w'.  Combining  these  equations, 
/:/'  V,  N*  —  It*  :  iV"  —  n'.  In  this  way  the  magnotio 
forces  at  different  points  of  the  bar  may  be  compared. 
Coulomb  assumed  that  the  perpendicular  component  of 
the  force  thus  obtained  was  proportional  to  the  density 
of  the  fictivo  magnetic  layer,  except  quite  close  to  tha 
end.     Here  he  arbitrarily  doubled  the  oscillation  value. 

2.  Method  of  Torsion.  —  Coulomb  employed  also  the 
torsion  method  in  order  to  determine  the  distribution  of 
the  free  nmgnetism  along  a  bar.  A  magnetic  needle 
was  suspended  by  a  fine  metallic  wire  so  that  f»ne  of  its 
poles  was  separated  from  a  similarly  magnetized  point 
on  the  vertical  wire  magnet  hy  a  board  2  or  3  mm. 
thick.  By  rotating  the  torsion-head  so  as  to  bring  the 
repelled  end  of  the  needle  just  in  contact  with  the  board, 
when  opposite  different  points  on  the  wire  magnet,  the 
torsion-angle  measured  the  free  magnetism.     Since  the 
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end  of  the  mre  acted  on  oue  aide  of  the  ue«dle  anlj, 
Couloml)  doubled  the  valu^  of  the  torsion  obtained  at 
thi»  point,  iiH  he  did  iu  the  case  of  the  oscillation  metLijd 
In  the  figure  (Fig.  286j  the  torsion-Talaes  thus  obtaiAett 
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are  plotted  as  ordinateH  and  tlie  distances  along  the 
bar  as  abscissas  ;  the  resnlting  curve  showing  tlie  db*- 
tributiou  of  the  magnetization  as  aHcertaiued  bv  tliis 
metliotl. 

3.  Method  of  Contact — If  a  soft  iron  neudle  be  em- 
ployed iu  tlie  oscillation  mothod  above  tlesrribeil,  ibe 
reHult  obtained  with  it  will  be  proportional  to  the  square 
of  the  |>erpe7idiculftr  coni]»onf*nt  of  tlie  maguetizatioa, 
since  the  magnetization  of  this  needle  is  due  solely  to 
the  strength  of  the  field.  Jamiu  has  made  use  of  a 
modification  of  this  metliod,  by  placing  a  piece  of  soft 
irou  in  contact  with  the  magnet  at  diflerent  points  and 
measuring  with  a  dynamometer  the  force  nooessarr  to 
detach  it.  Since  tliis  metliod  assumes  the  mutual  action 
between  the  bar  and  the  piece  of  soft  iron  to  be  eonstant, 
the  results  are  not  as  satisfactory  as  those  obtained  with 
magnets. 

4.  Method  of  Induction. — By  moWng  a  wire  ring,  the 
ends  of  which  are  connected  with  a  g/dvanometer, 
through  a  given  distance  along  the  bar  at  different  points, 
currents  are  obtained  which  are  proportional  strictly  to 
the  perpendicular  component  of  the  magnetisation  at 
these  different  points.  This  method,  origiually  pro|>osed 
hy  Van  Reea(1847\»was  the  oue  used  by  Rowland  (I^J76) 
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iu  IiIh  studies  on  magnetic  distrilmtion.  We  sball  refer 
f&gaia  to  it  after  cousideriug  the  lawB  of  iuduced  cur- 
rents. 

575.  Experimental  Kettults. — Coulomb  iu  his  experi- 
ments Bougiit  to  determine  the  distribntiou  of  the  mag- 
uetizatiou  in  cylindrical  magnets.  For  short  maguets, 
i.e.,  those  whose  length  is  less  than  fifty  times  their 
diameter,  he  found  that  the  perpendicular  force  at  each 
point  is  directly  proportional  to  the  distance  of  this 
point  from  the  center;  so  that  the  curve  of  distribution 
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is  a  straight  Hue,  makiug  a  given  angle  n  with  the  axis 
of  the  bar  (Fig.  287);  a  toleriibly  approximate  result 
since  Coulomb  himself  proved  that  for  short  bars  the 
magnetic  moment  varies  as  the  cube  of  the  Icugth.  For 
bars  whose  length  is  more  than  fifty  times  the  diameter, 
uo  free  magnetism  is  detectible  for  a  certain  distance 
on  the  two  Hides  of  the  center,  althougli  the  distribution 
may  still  be  rej)resented  by  a  triangle  having  a  base 
twenty-£ve  times  the  diameter  of  the  bar  (Fig.  288).     If 
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successive  equal  portions  of  the  bar  be  taken,  beginning 
at  the  end,  the  hypothenuses  of  the  resulting  triaugles 
will  be  tangents  to  a  curve,  these  taugeuts  making  equal 
angles  with  each  other.  Hence  the  m^kguetic  moment 
tends  to  become  proportinnal  to  the  length, 

57fl.  Depth  of  Ma(j:nf*ti7.atioii. — According  to  Jam  in, 
the  magnetization  nf  a  bar  extends  to  a  greatt*r  or  less 
depth,  depending  upou  the  strength  of  the  magnetizing 
force.     Indeed  by  piacing  the  bar  successively  in  op- 
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poBite  tiekU,  the  latter  one  ve&ker  thau  the  fortuer.  Uo 
iiiijioiiiiig  niJimietie  layerw  muy  be  Hini«*r|>i)8od  ui  tie 
same  bar ;  so  tlitit  even  wheu  the  niJi»arent  muguetin- 
tian  of  a  luaguet  is  zero,  it  may  be  istrongij  ma^edc 
By  grinilitk^  liway  the  sujterficial  layfrT  of  (inch  aii  appai- 
<^utIy  neutral  uia^^^^  *^>"  by  dissolving  it  uwny  by  anacUI, 
be  succeeded  in  developing  the  magpie tizatiiiu  existing 
in  the  subjacent  layers.  The  possibility  of  thus  mag- 
netizing a  ttteel  bar  in  alteruuting  layers  of  oppii«it« 
polarity  was  made  use  of  by  Henry  in  1842  to  expUin 
the  fact  that  the  direction  of  magnetization  of  steel 
needles  by  the  Leydeu  jar  discharge  was  auoroaloui}; 
the  polarity  being  sometimes  in  one  direction  and  Home- 
times  in  the  otlier.  Thin  discharge,  he  KayH,  "is  n 
principal  discharge  in  one  direction  and  then  several 
reHex  actii>n8  backward  and  forward,  each  more  feeble 
than  the  preceding,  until  equilibrium  is  obtained."  TIiih 
conclusion  has  been  experimentally  verideil  by  Carhart 
(541),  who  magnetized  steel  rods  (I  cm.  long  and  I'.S  mm. 
in  diameter  by  the  discharge  of  a  Leydeu  battery,  nnd 
then  determined  their  magnetic  momeuts  b^'  the  deflec- 
tion method,  as  the  successive  layers  were  removed  with 
acid.  Plotting  the  results  with  momenta  as  ordinateji 
and  masses  as  abscissas,  a  curve  was  obtained  rising  to 
a  maximum  as  the  external  shell  was  removed  and  then 
decreasing  nearly  as  the  mass.  The  core  was  fouud 
always  free  from  magnetization. 

577.  Kelatioik  between  Mngnetiziition  and  Klee- 
triticaltoii,  —  Magnetization  and  electridcation  have 
many  points  of  resemblance.  Excepting  in  the  fact  that 
the  magnetization  of  a  magnet  is  fixed  iti  position  and 
has  no  tendency  to  paaa  from  one  point  to  another  b$ 
electrification  has,  and  oonseipiently  tliat  in  the  caae  of 
magnetization  the  question  of  equilibrium  upon  con- 
ductors does  not  enter,  the  fundameutal  laws  for  the  one 
are  the  same  as  for  the  other,  and  lead  to  similar  oonse- 
qnences.  Magnetic  potential  is  defined  and  determined 
precisely  in  the  same  way  as  electrical  potential.  And 
inasmuch  as  the  unit  of  magnetic  quantity  is  selected  in 
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tbe  ttaiue  way  as  the  electroBtatic  uuit  of  quautity, 
Aiuoaut  tif  maguetiiSatiou  is  represeuted  by  the  saiue 
uuinerical  value  as  auiouut  of  electniicutiou.  Moreover, 
the  two  are  distributed  in  the  sauie  luauuer  aud  they 
^ve  the  same  strength  i)f  field,  in  the  sense  that  the 
force  at  each  point  is  the  same  in  direction  aud  has 
tho  same  value ;  aud  heuco  the  liuea  of  force  are  the 
suiiie,  the  equipoteutial  surfaces  are  the  same,  the  value 
of  the  pfiteutial  is  the  same  throughout,  and  is  repre- 
deuted  in  both  cases  in  the  C.  G.  S.  system  by  the  uuin- 
ber  of  ergs  necessary  tu  carry  a  pOKltive  unit  from  infinity 
to  the  point  in  questitm.  This  n'semblunce  liowever  is 
numerical  cmly  and  does  uot  at  all  imply  au  identity  iu 
the  character  of  the  two.  Electrification  has  no  action 
upon  magnetic  substances  as  such  and  noignetizatiou 
has  none  upon  electrified  bodies.  And  although  the 
two  fields  have  properties  depending  upon  the  same 
medium,  yet  these  pr(>j)ertiws  arise  from  distinct  modifi- 
cations of  this  mediam,  which  while  coexisting  do  not 

upon  or  compound  with  each  other.  Electrification, 
Bb  xre  have  seen,  is  due  to  lethor  strain.  Magnetization 
and  magnetic  phenomena  ap])ear  to  be  due  to  au  lether- 
motion  analogous  to  that  of  vortex-rings, 

578.  I>iauiUK»<'tlsiii.  —  A  paramagnetic  substance 
liHS  been  defined  as  one  having  a  positive  coefficient  of 
NUHceptibility  and  consequently  a  permeability  greater 
tlian  unity.  In  the  case  of  a  diamagnetic  substance  the 
coefficient  of  susceptibility  is  negative  and  the  perraeabil- 
itj'  is  less  than  unity.  The  phenomena  exhibited  by 
paramaguetic  substances  as  distinguished  from  diamag- 
netic ones,  result  from  these  definitions.  Thus,  when  a 
paramaguetic  substance  is  placed  iu  a  uinform  magnetic 
field,  since  its  permeability  is  greater  than  that  of  the 
tii'ld  more  lines  of  force  Mill  flow  throngh  it  ;  while  if 
the  substance  be  diamagnetic,  its  permeability  is  less 
than  that  of  the  field  aud  tlie  number  of  lines  is  dimin- 
ished. The  two  figures  licre  given  which  we  owe  to 
Lord  Kelvin  show  the  two  elTects  very  well ;  tlie  first 
I  Fig.  289)  corresponding  to  a  substance  whose  permeabil- 
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iij  ift  2*8  and  the  other  (Fig.  290)  to  cue  whocse  perme- 
ability is  0-48. 


Fio.  VOO. 

570,   Conditions    of    Equilibrium    In    a    blague 
Field. — If  an  isotropic  sphere — that  is,  a  sphere  mn^^u 
ically  similar  in  all  directions — be  placed  in  a  anifo 
magnetic  field,  it  will  become  magnetized  and  will  r 
main  at  rest  in  any  position.     But  if  it  be  aelotropic, 
when  cut  from  a  crysUillized  substance,  the  auscfptiliil' 
ity  will  be  different  along  each  of  its  unequal  axes,  and 
the  sphere  will   rotate  until  one  of  these  axes  hi> 
parallel  to  the  direction  of  the  field.     The  equilibi  m 
stable  however  only  when  the  energy  of  the  bmly  i 
minimum  ;  and  this  in  the  case  of  paramagnetic  s 
stances,  is  only  when  this  axis  is  the  axis  of  maxim 
susceptibility  ;  and  in  the  case  of  diaruagnetic  me 
wlien  it  is  the  axis  of  minimum  susceptibility.     If 
body  be  elongated,  it  will  place  its  longer  axis  parallel 
to  the  lines  of  foroe  if  isotropic,  whether  paramagn 
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or  (liamngnetic.  But  if  the  Hubstiiuce  be  crystallized, 
tliere  is  rtutagonism;  if  the  susceptibility  be  small,  tlie 
[orui  beuonies  subordiuate,  aud  the  axis  uf  uiuximum 
'Hnsceptibility  places  itself  parallel  to  the  direction  of 
the  field  ;  if  the  susceptibility  be  cousiderable,  the  form 
controls  the  result,  and  tlie  longest  axis  is  placed  aloug 
lUie  Hues  of  force. 

If  the  maguetic  field  be  variable,  the  same  concln- 
Bious  may  be  extended  to  a  body  so  small  that  the  field 
may  be  cousidei*ed  uniform  within  the  space  it  occupies. 
If  such  a  small  body,  of  volume  v  and  susceptibility  l\  l>e 
placed  iu  a  field  of  strength  H,  with  its  axis  parallel  to 
that  of  the  tii'ki,  its  maguetic   moment  will  be  k//v  and 
its  euergj-  will  be  —  ^klPv.     If  the  field  be  uniform,  this 
body  will  be  iu  equilibrium ;  but  if  it  be  variable,  it  will 
!ud  to  move  in  a  direction  depending  on  the  value  of  k, 
k  W  positive,  i.e.,  if  the  substance  be  magnetic,  the 
»ody  will  move  t<iwanl  points  where  the  force  is  a  maxi- 
lum  ;  i.e.,  it  will  be  attracted.     If  k  be  negative,  it  will 
lOve  in  the   direction   in  which  the  force  dimiuislies 
TDOst  rapidly,  ami  will  be  repelletl.     In  cfinsequeuce  if 
the   bo<ly  be  elongated,  it  will   place   itself   axially,  or 
[parallel  to  the  lines  of  force,  if  it  be  paramagnetic;  and 
eqaatorially,  or  at  right  angles  to  these  lines,  if  it  be 
^iliaiuHguHtic.     Thus  iu  all  cases  each  of  the  elements  of 
rolnme  of  a  paramagnetic  body  tends  to  move  toward 
l»f»ints  iu  the  field  where  the  force  is  a  maximum;  aud 
of  a  diamaguetic  body  toward  points  where  it  is  a  mini- 
mum. 


ft'scnoN  rV. — Magnetism  of  the  Eauth. 

A. — OEKEIIAL  CONSIDEIIATIONS. 

tmO,  The  Earth's  Matcnetic  Field. — A  magnetic  field 
is  recognized  by  the  fact  that  a  freely  suspended  magnet 
takes  a  definite  position  of  equilibrium  when  placed  in 
it.  The  fat^t  that  the  earth  is  surrounded  by  such  a 
field  so  that  a  magnetic  needle  takes  up  an  approximately 
worth  and  south  position  in  consequence,  seems  to  liave 
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been  known  to  the  Chinese  at  least  a  tliousand  years  be- 
fore the  beginning  of  the  Christiuu  era  ami  two  thonfiaod 
years  before  this  propt^vty  of  the  needle  was  knovii  in 
Europe.  Indeed  as  early  as  the  third  or  fourth  centurr 
•'Chinese  vessels  navigated  the  Imliun  Ocean  under  tLe 
tliret'tiou  of  floating  uaguetio  needles  pointing  to  t!-- 
Houth  ^'  (Humboldt).  An  instrument  in  which  the  ; 
dency  of  a  magnetic  needle  ti>  place  itself  north  imd 
aonth  is  made  use  of  to  fix  directions  upon  the  eartli,  u 
called  a  oompau.  In  the  mariner's  compass,  a  circaUr 
card  is  i)laced  upon  the  needle  and  moves  with  it.  It  is 
divided  into  32  equal  parts,  called  points,  the  axis  of  the 
needle  coinciding  with  the  line  passing  through  tlie 
north  and  south  points.  In  the  best  forms  of  compASs 
several  small  needles  are  employed,  fasteu^^d  iu  the  plitu« 
of  the  card.  The  compass  used  iu  surveying  has  ito 
graduation  fixed  the  needle  moving  within  or  above  it, 
its  agate  cap  resting  on  a  steel  pivot.  Where  sensitive- 
ness is  required  the  needle  is  frequently  suspended  by 
a  silk  or  quartz  fil)er,  to  avoid  friction. 

A81.  >'niiiini;  <»!'  Mii^netic  Poles.  — Since  by  the  lav 
of  magnetic  action,  dissimilar  poles  attract  and  similar 
\H}]eH  repel,  it  would  seem  necessary  to  call  tlie  j)ok  of 
a  needle  which  turns  to  the  nortli,  the  south  pole.  But 
aiuce  custom  has  sanctioned  calling  it  a  north  pole,  coxh 
fusion  would  result  from  the  attempt  to  rerersfl  thifl 
naming.  Various  terms  have  been  suggested  for  desig- 
nating the  poles.  Fara<lay  made  a  mark  ou  the  end  of 
the  magnet  which  turned  to  the  north  and  calleil  this 
end  the  marked  pole.  Airy  painted  rod  the  end  wLitli 
turned  to  the  north  and  blue  the  end  which  turned  tn 
south,  calling  the  poles  by  these  colors.  Lord  Kelvin, 
following  the  Chinese  and  the  French  practice,  calls  thfr 
end  which  poiuts  to  the  north,  the  true  south  pole  and 
the  end  which  poiuts  to  the  south,  the  true  north  pole. 
For  mathematical  discnasinn  the  north-seeking  end  nf » 
magnet  is  called  positive  and  the  south-seeking  end  neg* 
ative.  Maxwell  says  "the  magnetism  of  the  north  enJ 
of  a  inagnel  \h  A.\\%tt^\^  ^ud  that  of  the  south  end  is  Bu- 
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real,"  meaning  Ly  the  north  end  the  end  which  points  to 
the  north,  and  vice  versa, 

582.  The  Foree  of  the  KorthN  Field  Hiinply  Direo 
five. — Within  any  limited  space  free  from  magnetic  Hiih- 
stances,  such  as  that  of  an  ordinary  room  for  example, 
the  magnetic  field  of  the  earth  may  be  considered  as 
uniform  and  the  lines  of  force  as  equidistant  straight 
and  parallel  lines.  Since  u  positive  magnetic  pole  m 
«acb  a  field  experienoeH  a  force  in  the  positive  direction 
and  an  equal  uegativ*^  pole  an  equal  force  in  the  nega- 
tive or  oppdsite  dmH!ti(»n,  the  total  f(trce  acting  will 
be  due  to  the  combined  action  of  two  equal  and  oppo- 
fiite  forces  upon  the  ends  of  the  magnet;  i.e.,  the  force 
will  be  of  the  nature  of  a  couple,  and  its  value  wlien  the 
axis  of  the  magnet  is  horizontal  and  perpendicular  to 
the  direction  of  the  field  will  be  7hIH;  or  Mil,  if  jV  rep- 
resent ml,  the  moment  of  the  magnet.  In  other  words, 
the  couple  experienced  by  a  magnet  in  the  earth's  field 
ia  equal  to  the  product  of  the  moment  of  the  magnet  by 
the  intensity  <'f  the  field.  If  the  axis  of  the  magnet 
make  an  angle  a  with  the  lines  of  force,  the  couple  will 
"be  MH  sin  <r.  Hence  the  eftect  of  the  earth's  field  is 
simply  to  robite  the  magnet  into  the  position  where  its 
potential  energy  is  a  minimum,  and  its  equilibrium,  in 
consequence,  stable.  The  earth's  force,  therefore,  is  di- 
rective only. 

EiPKRiMKNTS, — I.  Slightly  oil  a  mngnetizcd  vSO wing-needle,  and 
Icarofullv  lay  it  on  the  surface  of  water.  It  will  float,  and  will  tuni 
[»o  ns  to  place  iisdf  in  a  norlh  and  south  direction  ;  after  which,  if 
U  bo  not  too  near  the  walls  of  the  vessel,  it  will  remnin  at  resT. 
jThos  showing  the  action  of  no  force  lending  to  produce  a  motion  of 
[tranHlfttion.     Tim  motion  is  rotatory  only. 

2.  Bring  the  end  of  a  bar  magnet  into  the  vicinity  of  the  floating 
needle  and  opposite  to  one  of  ita  polca.  The  needle  will  move 
lowanl  or  from  the  magnet,  alwayit  keeping  parallel  to  itat^lf.  Thus 
showing  an  excess  of  attraction  or  repulsion  by  the  magnet  for  that 
polo  of  the  needle  to  which  it  is  nearest.  If  the  end  of  the  magnet 
be  not  placed  in  the  axis  of  the  needle,  there  will  be  a  motion  of 
rotation  as  well  ns  one  of  translation.  Evidtrntly  the  force  of  trana- 
inliun  exists  only  where  the  length  of  tho  needle  is  an  appreciable 
qoantily  in  comparison  with  the  distance  of  the  magnet. 
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8.  Ma^etixe  a  second  fltmUAr  sewing- needle,  and.  boMiu 
verticHlly,  bring  one  of  its  ends  down  near  that  end  of  \h 
netHlIi?  which  is  of  opposite  (Milarity.     The  latter  will  rii 
t\w  Afcond  luH'dle  nnd  come  lu  rvM  with  a  point  inai.i 
8it«  ti>  H  flimilnr  {HMiit  insidu  thv  end  uf  the  verticnl 
Ih©  two  needles  will  iiitprjsecl  at  points  within  their  ends.    1 
points  arc  ovidi'ntly  the  pole^j  uf  the  inngiietic  needles. 

4.  Carefully  weif^h  a  steel  hur  and  then  niftgaetixo  it  strcufiH. 
It  will  be  found  to  hiivo  the  luiuie  weight  as  before :  showing  thit 
the  CArth's  field  exerts  no  force  Ujion  it  in  the  vertical  direction 

583.  KiirtirH  Fii*l<l  in  f;cnc*rul  not  Uiiiforfn. — Fn^io 
one  point  t<i  auutlier,  howf^ver,  uj>ou  the  ejirtb*s  surf&w 
the  earth's  magnetic  field  changes  both  in  <lirectioD  aott 
in  iutenHity,  and  this  very  irref^wlarly-  Moreover,  eteii 
at  uuy  given  place,  these  valuet^  are  not  oonBtADt,  bnt 
Lave  periodic  variations  of  greater  or  lest)  extent,  occo- 
pying  more  or  less  time  f«>r  their  coniph*tion.  To  tleter- 
mine  the  vahies  of  the  magnetic  tield  at  difTereut  placcal 
and  the  variations  of  these  values  is  the  object  of  gciT. 
erumeutal  magnetic  surveys.  The  methods  and 
of  these  surveys  will  now  l>e  considered. 

B.— MAGNETIC  ELEMENTS. 

584.  BlementH  of  Terrestrial  Field. — ^A  aiagnotic 
field  is  completely  determined  when  tlie  direction  and tb« 
intensity  of  the  force  in  it  are  known  at  all  points,  hi 
the  case  of  the  earth's  field,  it  is  convenient  to  conside^r 
(1)  two  directions  of  the  magnetic  force  ;  (a)  the  direction 
measured  in  a  horizontal  plane  which  the  horizouud 
component  of  tlie  force  makes  with  a  north  and  fwinlli 
line  also  in  this  plane  ;  and  (/>)  the  direction  Tvhich  tbe 
force  itself  makes  with  the  horizontal  at  tfie  place  of 
observation,  lv>th  measured  in  the  same  vertical  pUoe; 
and  (2)  two  intensities  of  this  force  measured  in  the 
horizontal  iind  vertical  directions  respectively.  These 
values  for  a  given  place'  are  called  generally  the  ma^etic 
elements  of  the  place.  Individually  they  are  called 
declination,  inclination,  and  horizontal  and  vertical  intensitj. 

585.  Magnetic  I>ecIlnation. — If  we  call  thegeogrnph- 
ioal  meridian  the  vertical  plane  which  passes  througl 
the  place  of  observation  and  the  geographical  polen  of 
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ilie  earth,  and  the  magnetic  meridian  the  vertical  plane 

iucidiug  in  direction  with  that  of  the  earth'H  field  and 

ontainiug  therefore   the  axis  of  the  needle,  the  angle 

between  these  planes  is  called  the  magn^etic  declination ; 

And  the  declination  is  said  to  be  east  or  west  according 

the  north-seeking  end  of  the  magnetic  needle  lies  to 

lie  east  or  west  of  the  geographical  meridian.     Although 

he  fact  that  the  magnetic  needle  does  not  point  exactly 

orth  and  south  appears  to  have  been  known  to,  and  its 

uiouut  to  have  been  determined  by,  the  Chinese  as  early 

8  the  twelfth  oenhiry,  yet  it  was  not  known  in  Europe 

ntil  the  thirteenth ;  and  was  tirst  distinctly  delineated 

upon  Blanco's  charts  in  1436.     GolumbuB  in  1492  dis- 

vered  a  point  of  no  declination  in  the  Atlantic  Ocean 

ntli  (»f  the  Azores;  and  H.  Cabot  a  few  years  later,  a 

nd  point  to  the  north  of  these  islands. 

580.  Measurement  of  Declination. — If  in  the  figure 

Fig.  291)  the  vertical  ]>Iiine  containing  OA  is  the  plane 

of  the   geographical    meridian,  and 

if  OMxH  in  the  plane  containing  the 

needle,  i.e.,  the   plane   of  the  mjig- 

jietic  meridian,  then  a,  which  is  the 

angle  between  tliese   planes,  is    the 

declination.     The   instrument   used 

me:isure  this  angle   is   called   a 

leolination-compass  or  declinometer. 

n  general  it  rosenil^les  a  theodolite, 

nd  consists  of  two  parts— a  niag- 

etic  needle  for  fixing  the  magnetic 

eridian  and   a   telescope   for  de- 

rmining   the   geographical  merid- 

an,  both  mounted  side  by  side  and  movable  about  the 

nie  vertical  axis,  M'hich  is  provided  with  a  graduated 

e.     The  needle  is  frequently  a  tube  of  steel  suspended 

l>y  a  mlk  fiber,  and  having  a  fine  glass  scale  at  one  of  its 

«nds  and  a  lens  at  the  other,  the  focal  length  of  the  lens 

being  the  length  of  the  tube,  so  that  the  scale  is  in  its 

principal  focus  and  the  rays  from  it  are  parallel.     When 

the  needle  is  at  rest,  the  zero  point  of  its  scale  should 
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coincide  with  the  cross-wires  of  a  nmall  reading  iAtt- 
scope  mounted  upon  the  instrument.  The  positioii  i- 
theu  read  on  the  graduated  circle,  and  the  apparatus  i- 
turne<l  about  the  vertical  till  the  axis  of  the  large  tele- 
scopo  oomert  into  the  geographical  or  astronomical  me- 
ridian, determined  bj  obs^rviug  the  sun  or  a  giveu  stju. 
The  difference  between  the  two  readings  gives  tfaeflecl)- 
natiou  angle.  To  eliminate  errors,  readings  are  uind- 
on  both  sides  of  the  circle,  and  also  with  the  nrtii 
rotated  on  its  asis  ISO"".  Since  the  needle  is  balances], 
the  action  of  the  vertical  component  of  the  eartli's  tield 
is  eliminated. 

587.  Variation  of  Decliuatiou. — The  fact  that  fori 
given  place  the  decliuatinn  is  not  constant,  but  changa 
with    time,  was   first  observed  alH>nt   1G30.       In  loNO, 
Boroughs  had  found  the  declination   in  London  to  be 
W  18'  east;  in  W2%  Guuter  found  it  to  be  only  6*  13  ; 
and  in  1634,  Gellibraud  observed  that  it  did  not  eiceed 
4"  4'  49",      Moreover,  the  variation  is  a  j>eri<>dic  ouci 
Thus  in  Paris  in  1G30  the  declination  was  4"  30'  east' 
in   Ifibfi  it  was  zero;  then  it  became  west,  increa.4iiig; 
steadily  until  1824,  when  it  reached  a  maximum  of*24\ 
It  is  now  slowly  decreasing,  being  15°  52'  west  in  188SIJ 
Hence  the  period  is  about  90(>  years.     In  Liondcm  Uw] 
declination,  which  was  11*^  18'  east  in  1580,  became  xcm 
about  li)G3,  and  the  needle  pointed  true  north  and  souUj. 
It  then  became  westerly,  and  reached  a  maximum  valn4 
of  24°  30'  in  1818 ;  since  which  time  it  has  been  steadilr' 
diminishing,  and  in  1889  was  lo""  42'  west.     Its  present 
annual  rate  of  decrease  is  about  €i\fd  minutes.     In  Philo- 
delphia  in  1835  the  declination  was  3"^  11'  west ;  ami  it 
has  been  increasing  slowly,  until  in  1890  it  was  6-9''  west, 
and  is  increasing  at  the  rate  of  4*4'  annually.     Tlii^ 
change  of  long  period  is  called  the  secular  variation  <>( 
the    declination.      Besides    this    there    are    two   tithvf 
periodic  variations,  called  respectively  the  diurnal  ami 
the  annual  variations.     The  first  of  these,  which  depouiU 
upon  the  rotation  of  the  earth,  was  discovered  by  1* rahaiu 
in  1722.     In  the  noi-thern  hemisphere,  the  north-seeking 
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mil  of  the  needle  begins  at  sunrise  to  move  from  east  to 
•W(>Ht,  anil  attains  the  extreme  western  limit  of  its  swing 
about  two  hours  after  uooa.  It  then  slowly  returns 
toward  the  east,  reaching  its  original  position  about  ten 
oVlock,  and  remaining  practically  stationary'  through 
the  night.  The  swing  of  the  needle  during  its  daily 
variation  is  small  in  middle  latitudes  but  is  1°  or 
more  in  high  hititudes,  and  is  nearly  proportional  to 
the  arc  describtul  by  the  sun.  In  Philadelphia,  accord- 
I  ing  to  the  observations  of  Bache,  the  mean  arc  of 
the  vibratiou  in  summer  is  lOJ'  and  for  winter  SJ' ;  the 
mean  for  tlie  entire  year  being  1\'.  It  increases  toward 
the  magnetic  pole.  The  annual  variation  of  the  declina- 
tion was  first  observed  by  Cassiui  in  1780.  It  reaches 
its  maximum  in  Europe  about  the  time  of  tlie  vernal 
equinox,  decrea^ies  steadUy  until  the  summer  solstice, 
and  then  slowly  increases  during  the  nine  following 
months.  Its  value  is  small,  nut  exceeJiug  a  few  min- 
utes. Moreover,  the  variation  itself  is  found  to  vary 
periodically.  lu,  1850  Schwabe  announced  a  periodicity 
in  the  occurrence  uf  suu-Hpcits,  the  period  beiug  ab(tut 
11  years.  And  almost  simultaneously  Lamont  and 
Sabine  auuouuced  a  simihir  period  in  the  range  of  vibra- 
tiou of  the  magnetic  needle,  the  maxima  and  miuima  of 
the  one  set  of  curves  coinciding  closely  with  those  of  the 
other.  8(j  that  it  would  appear  that  the  condition  of 
the  sun*s  surface  has  much  to  do  with  the  magnetic  con- 
dition of  the  earth. 

Besides  these  periodic  variations  of  declination 
there  are  irregular  variations,  or  perturbations,  as  they 
are  called.  Those  disturbances  are  observed  at  the  time 
of  earthquakes  or  volcanic  eruptions,  and  particularly 
during  a  displa}'  of  the  aurora  borealis.  The  disturbance 
produced  by  the  aurora  is  so  great  as  sometimes  to  cause 
a  variation  of  1*^  or  2°.  These  perturbations  are  felt 
over  wide  areas,  and  are  often  caHed  magnetic  storms. 

588.  IsoK:*»nic  niid  Adonic  Lin^-s. — The  astronomer 
Halley  in  1700  proposed  tu  draw  a  line  through  all  those 
places   on  the   earth  at   which    the   declination  is  the 


68« 


PHrsica, 


same.  These  lines  are  called  Uogonie  lineA,  and  di» 
pftrticular  line  for  which  the  dediuutiou  is  zero  is 
called  an  agoaio  liue.  From  the  chart  published  by  the 
U.  8.  Coast  and  Geodetic  Survey  it  appears  that  for  1890 
(Fig.  292»  Frontispiece)  the  ino^^onic  line  of  -|-  7"  i  wwl 
declination)  enters  the  United  States  near  Atlantic  City, 
and  passes  northwesterly  near  PiiilmlelphiH,  Bethlehrtn, 
Wilkesbarre,  Oswego,  Ithaca,  and  Rochester.  Going 
south  the  westward  declination  decreases,  and  the  agoaic 
line  is  found  to  enter  the  United  States  near  Charlejitou. 
and  to  pass  in  a  N.N.W.  direction,  through  the  moun- 
tains of  North  Carolina  and  West  Virginia,  passing  near 
Marietta,  Cohiuibus,  Sandusky,  and  Toledo,  Ohio,  and 
Ann  Arbor,  Michigan.  The  isogouic  line  of  —  7"  ea- 
ters the  United  States  near  Galve»stou,  passes  iu  a  direc- 
tion a  little  to  the  east  of  north  by  Hot  Springs,  Ark.; 
Jefferson  City,  Mo.  ;  Keokuk,  Iowa  City,  and  Dnbuqne, 
Iowa  ;  and  La  Crosse  and  Chippewa  Falls,  Wis.  The 
isogonic  line  of  —  17"  enters  the  U.  S.  from  the  Pacific 
near  San  Francisco,  and  passes  in  an  E.X.E.  directioD 
near  Virginia  City  and  Salt  Lake,  through  Wyoioing. 
Montana,  and  North  Dakota.  It  will  be  (observed  tJiAt 
all  those  lines  are  extremely  inegular,  the  declination 
being  affected  largely  b>*  local  oon<litious,  apparently. 

581>.  MuKVH'ti^*  IncllnatUm. — The  magnetic  incliua- 
tiou  at  a  given  point  is  the  angle  which  a  plauf^  contain- 
ing the  axis  of  a  freely  suspended  magnetic  needle  niftkes 
with  a  horizontiil  plane;  i.e.,  it  is  the  angle  by  which 
such  a  needle  ia  depressed  below  the  horizontalp  and 
hence  is  sometimes  called  the  dip.  It  was  disc<ivered 
by  Hartmauu  in  1544  and  first  measured  by  Norman  in 
157H.  Ha^^ng  carefully  balanced  the  needles  of  hLs 
compasses  before  magnetizing  them,  Norman  observed 
that  after  lie  had  touched  "  the  yrons  with  the  stone, 
that  pre.sentlie  the  north  point  thereof  would  bend  or^ 
decline  downward  under  the  horizon  in  some  qxiantiUe." 
Exact  measurements  gave  him  the  value  71**  50'  for^ 
the  inclination  in  that  year  in  the  city  of  London. 

590.    MoftHuromeut  of    Inclination. — The    instru- 
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nieut  UHed  for  nieasuriug  the  dip  is  called  au  iucliuation 
compass,  or  inclinometer ;  or  suiuetimes  a  dip  circle.  In 
principle  it  connists  simply  of  a  uia^uutic  needle 
luonuted  with  great  delicacy  on  a  horizontal  axis  so  as 
♦o  move  only  in  a  vertical  plane,  and  provided  with  a 
j^raduated  circle.  When  the  plane  of  the  circle  is  in  the 
magnetic  meridian,  only  the  component  of  the  earth's 
forc«  in  that  vertical  plane  acts  upon  the  needle,  and  its 
axis  places  itself  parallel  to  the  lines  of  force.  The  augle 
read  oU  on  the  circle  is  the  angle  of  the  i;lip.  Evidently, 
if  T  (Fig.  293)  be  the  direction  of  the  lines 
of  force,  and  therefore  that  of  the  axis  of  the 
needle  also,  //  the  horizontal  and  V  the  ver- 
tical comjxinent,  the  plane  of  the  figure  being 
that  of  the  magnetic  meridian,  we  have  II/T 
=  cos  rf  and  V/T  —  sin  tf ;  whence  V/U  =  tan 
6  and  H/  V=  coi  6,  If,  however,  the  plane 
of  the  circle  is  not  that  of  the  nieridiau,  the 
Iiorizontal  component  is  not  Z/,  but  //  cos  /?,  fio.  avs. 
where  fi  is  the  angle  between  these  planes.  Heuce  cot 
6*  =■  JI  cos  fi/  V  =  cot  6  COB  fi  ;  in  wluch  6'  is  the  ai>- 
pareut  and  6  the  true  dip.  Evidently',  when  fi  =  Q,  6[ 
=  <y ;  or  the  dip  shown  by  the  needle  is  the  true  one. 
If,  however,  fi  =  Att,  cot  6'  =0  and  6'  =  \7t  <jr  W  ;  and 
bence  the  needle  is  vertical.  This  fact  is  made  use  of 
in  setting  the  instrument.  The  graduat^nl  circle,  which 
in  mouutt'd  ho  as  to  move  about  a  verticjil  axis,  is  placed 
with  its  plane  approximately  east  and  west,  and  is  then 
Adjusted  until  the  needle  is  vertical.  By  turning  it  now 
throngh  90°,  the  piano  of  the  circle  will  bo  in  the  me- 
ridian. To  eliminate  errors  of  centering,  botli  ends  of 
L  the  needle  should  be  road;  to  eliminate  errors  of 
I  graduation,  the  circle  shouhl  be  turned  through  180°  ; 
I  to  eliminate  errors  in  the  magnetic  axis,  the  needle 
I  should  be  turned  about  this  axis  180°  ;  and  to  eliminate 

■  errors  in  the  position  of  the  center  of  gravity  of  the 

■  needle,  its  magnetism  should  be  reversed.     So  that  the 
I    Euul  result  is  the  mean  of  sixteen  readings. 

I  501,  Variations  ol'  Iiiclinatlou. — The   valne  of  the 
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iucliuaiiou  at  different  points  upon  the  earth's  snrf&cf 
18  of  course  different.  Moreover,  the  value  for  utj 
given  point  is  not  cnustiint}  but  varies  from  the  same 
causes  that  iitfect  the  declination.  In  a  general  waj  it 
may  be  aaul  that  the  inclination  inureanes  from  t' 
equator  toward  the  poles.  Thus,  for  1885,  the  inclu 
don  at  the  follon-ing  places  in  North  America  is  com- 
puted as  follows,  the  latitude  being  also  given  : 

VARIATION   OF   DIP   WITH   LATITLDE. 

Pliioe.  lAtitudc  N.  lucUn&tiott. 

Panama 9°  33' 

Mexico 19^*30'  44-5* 

Key  West 24'^  30'  54-5* 

New  Orleans m"  &f 

Charleston 33"  64' 

St.  Louis 38^38'  69* 

Washington SS'' 53'  70-547** 

Baltimore 39°  18'  71-16* 

Philadelphia   40°  71-38° 

New  York 40M3'  71-932' 

Chicago 41"  53'  72-41" 

Boston 42^21'  I^IW 

Albany 42^  39'  73-995' 

Montreal 45''  30'  76* 

Winnipeg 49*  53'  80' 

Point  Barrow 71*  30'  83* 

With  regard  to  the  secular  variation  of  the  inclinati^D. 
the  value  observed  in  London  in  157G  by  Norman  waft 
71'*  50'.  It  then  increased  slowly,  and  in  1720  reacliwl 
its  maximum  value  of  74*  42'.  Since  then  it  has  Wod 
decreasing,  being  07*^  25'  in  1888,  The  earliest  recorded 
observation  of  dip  ou  thlB  continent  was  made  hi 
Uualashka  in  1778;  although  systematic  rleterminatiou^ 
were  not  made  until  about  1820.  Loomis,  comparing 
the  obser^'atious  of  Sabine  and  Franklin  (1822-25)  -witib 
others  made  in  1835,  concludes  upon  a  mean  value  of 
—  1-8'  as  the  annual  diminution  of  the  dip  in  the  eastem 
portion  of  the  United   States.     Schott  in  1856  showed 
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tliat  iu  the  northeastern  United  States  the  dip  decreased 
until  about  184H,  wheti  it  became  Htationary.  It  theu 
began  to  increase^  reaching  in  185G  an  anuual  increase 
of  2'7'.  But  curiously  enough  this  wave  of  iucreiise  was 
of  short  duration,  and  reached  its  maximum  about 
1859,  when  the  value  again  be^au  to  decrease  and  has 
continued  to  the  present  time,  the  annual  rate  at  Phila- 
delphia beiug  about  —  5*5'  and  at  Washiiigti^u  3*5', 
Since  the  rate  of  decrease  is  decreasing  toward  the 
south  and  west,  it  must  soon  become  zero.  Ajid  upou 
the  chart  of  the  Coast  Survey  Sohott  has  given  a  shiuled 
baud  skirting  the  northern  coast  of  Cuba,  passing  over 
lower  Louisiana  and  central  Texas,  through  Mexico, 
crossing  the  Gulf  of  California,  following  the  coast 
northward  and  passing  off  to  sea  near  8au  Francisco, 
throughout  which  the  rate  of  the  annual  variation  of  the 
inclination  iu  1885  was  zero,  aud  where  therefore  the 
inclination  then  had  a  constant  value.  The  di])  is  leHH 
in  summer  than  in  winter,  and  less  at  night  than  iu,the 
daytime. 

50:2.  I.Hociinle  Ltnes.— Magnetic  Equator. —  Lines 
drawn  through  points  n}>on  the  earth  having  the  same 
value  for  the  inclination  are  called  isoclinio  lities.  Since 
the  value  of  the  dip  iiureases  with  the  latitude,  there 
must  be  in  the  vicinity  of  the  eqimtor  an  aclinio  line,  or 
line  where  there  is  no  dip  aud  the  needle  remains  hori. 
zontal.  This  line  is  called  the  magnetic  equator.  Be- 
ginning, for  example,  on  the  east  coast  of  Brazil,  in  sonth 
latitude  16°,  it  pjissea  eastward  and  a  little  to  the  north 
toward  the  coast  of  Africa,  intersecting  the  geographical 
equator  about  2^  east  longitude,  and  entering  Africa  at 
the  Gulf  of  Benin  ;  then  continuing  its  slight  northerly 
direction  it  meets  the  parallel  of  10''  uijrth,  and  moves 
east  to  Cochin  in  Hindostan  ;  then  turning  south  again 
it  cuts  the  equator  in  170°  west  longitude,  continuing  on 
until  it  meets  South  America  in  latitude  7*  S.  on  the 
coast  of  Peru,  aud  thus  to  the  point  of  <leparture.  So 
Again,  since  the  dip  increases,  it  must  finally  reach  a 
point  near  the  pole  where  its  value  is  90°  and  the  needle 
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18  vertioal.  Such  a  point  is  called  a  ma^etic  pole. 
Gauss  calculated  that  iu  1838  the  north  maj^ietii*  ix>le 
wa«  at  73"  35'  N.  and  95"*  39'  W.  B^ms  in  1831  observed 
that  iu  latitude  70"  5'  N.  and  longitude  96"^  45'  W.  thr 
inclination  was  89**  59',  or  within  ouf*  minute  of  being  vet- 
ticaL  Schwatka  in  1879  concluded  froui  hiss  obberrs- 
tious  that  the  pole  had  shifted  to  longitude  99°  35'  Vi. 
C4aus8*8  ]u>8iticin  for  the  south  magnetic  pole  was  latitude 
72'  35'  S.,  longituile  150"  10  E.  This  pole  haB  not  vet 
been  reached.  Rosh  in  1841  obfterved  iu  latitude  76^ 
12'  S.,  hmgitude  103°  2'  E..  an  inclination  of  88°  40' ;  from 
which  he  concluded  that  the  magnetic  pole  was  ahoat 
256  kilometers  distant. 

The  isoclinic  line  of  69°  (see  Frontispiece)  passes 
across  the  United  States  from  near  Norfolk  hy  RicL- 
mond,  Louisville,  St.  I^uiw,  To]>eka,  Cheyenne,  Buijw 
Cit>',  and  Portland.  That  of  72°  passes  uear  PrincetoD. 
Harrisburg,  Pittsburgh,  Fort  Wayue,  Cliicago,  Iowa 
Cit^',  Deailwood,  Helena,  and  Vancouver. 

503.  MuKuetic  InteiiMity, — The  third  magnetic  ele- 
ment is  magnetic  intensity;  i.e.,  the  strength  of  tbe 
magnetic  field  ut  the  point  in  question.  Instead  fif 
di^termining  the  total  force  directly,  it  is  found  more 
convenient  to  determine  by  experiment  its  horizontal 
component;  Jiud  theu  to  calculate  the  t(»tHl  force  from 
this  ;  since  T  =  ///cos  rf.  Moreover,  the  value  of  //,  or 
the  homonttU  component  of  the  earth's  magnetic  force, 
is  a  constant  of  importance  in  certain  physical  determi- 
nations.  The  first  attempt  to  ascertain  the  value  of  the 
magnetic  intensity  appears  to  have  been  made  by  Gra- 
ham in  1723,  who  measured  the  oscillatious  of  his  dip 
ping-needle,  in  order  to  see  if  they  were  constant  and  t« 
compare  the  value  of  the  magnetic  force  with  that  of 
gi'avity.  In  17(19.  Mallet  compared  the  os<'i1Iutions  of  a 
dipping-needle  at  different  stations  in  Europe  in  onler 
to  compare  their  magnetic  intensities.  The  first  accu- 
rate observations  were  those  of  Humboldt,  made  about 
1800.  in  South  America. 

504,  Me^tNureiiieut  of  luteusUy. — We  owe  to  Oauss 
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(1833)  the  method  at  present  in  use  for  determiDiug  the 
value  of  the  horizoatiil  componeut  of  the  earth's  Held  in 
absolnte  menKnre.  It  coimiHtH  of  two  distinct  opera- 
tions. By  the  iirst,  wbicL  is  a  method  of  oscillations, 
the  product  of  the  horizontal  couipoueut  by  the  moment 
of  the  magnet  is  obtained.  By  the  second,  which  is  a 
deflection  method,  the  ratio  of  the  magnetic  moment  to 
tlie  hf>rizoiital  component  is  obtained ;  whence,  having 
both  the  product  and  the  quotient  of  two  quantities, 
either  of  the  quantities  can  be  calculated. 

I.  Method  of  Oscillations. — Whenever  a  body  oscillates 
under  the  action  of  a  force,  the  square  of  the  time  of  a 
single  oscillation  is  directly  proportional  to  the  moment 
of  inertia  of  the  body  about  the  axis  of  oscillation,  and 
inversely  proportional  to  the  directive  force.  In  the 
case  of  a  magnetic  needle  the  directive  force  is  Jf//; 
i.e.,  is  the  jjroduct  of  the  moment  of  the  magnet  by  (he 
horizontal  component  of  the  earth's  magnetism.  So 
that  we  may  write  t  z=  n  s/I/MII  for  the  time  of  a  single 
oscillation.  Whence  we  have  Mil  r=  n^I/t^.  Since  the 
number  of  oscillations  is  the  reciprocal  of  the  time,  we 
may  also  write  31  H=^  ri'n^L 

II.  Method  of  Deflections. — The  magnet  A'^^  is  placed 
with  its  axis  on  an  east-aud-west  line  passing  through  the 
center  of  a  delicate  magnetomet^*r  needle  ns  and  at  a 
definite  distance  r  from  it  (Fig.  294).     The  needle  will 
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be  deflected,  and  will  take  up  a  position  of  equilibrium 
between  the  two  couples  ;  i.e.,  tlie  displacing  couple  due 
to  the  magnet  {*2J\IM'  cos  (ff)/r*  (r  being  the  distance  be- 
tween the  centers  and  0  the  angle  of  deflection)  and  the 
restoring  couple  of  the  eartli,  M  'H  sin  0.    Equating 
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these  values,  (2J/il/'  cos  <P)/if^  ^  iV  II  sin  0;  aad  tUer** 
fore  M  =  i//r'  Uu  0  (553) ;  wheuce  Ml  fl  =  Jr'  ton  d 
Errors  are  elimiuated  by  rl>ver8m^  the  luagnet,  br 
placing  it  on  the  opposite  side  of  the  ueedle,  and  1' 
repeating  the  experimeut  with  different  values  of 
both  endfl  of  the  needle  being  always  read. 

Since  for  a  rod  of  small  diameter,  of  mass  rn,  aud 
of  leu^^th  2/,  the  moment  of  inertia  is  t/ir/3,  th**  foruiala 
for  J///  bocomes  7a/";r'«'/3;  so  that  the  product  J/// 
is  readily  calculable  by  squaring  the  number  of  oscil- 
lations in  a  second  and  substituting  this  valuta  in  tllise^ 
pretisiou.  Having,  tlierefore,  Mil  —  A  and  M/U  =  B, 
we  obtain,  by  multiplying  these  equations,  M  =  SAB, 
and  by  dividing  them,  //  =  y^A/B,  Whence  the  valne 
of  //is  obtaintjd. 

AB*%«  VArlntion  of  Ma^cnotio  lutousitx. — Like  th» 
other  magnetic  elements,  the  intensity  varies  from  point 
tti  point  of  the  earth's  surface  when  measnred  at  the 
same  instant,  and  aUo  varies  from  time  to  time  wheu 
measured  at  the  s*ime  [dace.  In  the  Coast  ami  Geodetic 
Survey  tables  for  1885  the  value  of  the  horiicouUd  com- 
ponent and  of  the  total  force  are  given  as  follows  for  tlie 
places  designated : 

PI  rtcr-  1  lorixonlal.  Total . 

New  Orleans -2775  dyne  -5519  dyne 

Charleston -aor,!  "  -5847  •* 

San  Francisco . . .  '2531  "  -5451  *• 

St.  Louis -2135  "  •6(K):; 

Washington -2026  "  m^l  " 

Baltimore 1978  ''  6128  « 

Philadelphia  ....  -1951  ••  -6110  " 

Chicago 1877  •'  -6210  « 

New  York -1872  **  -6048  *• 

Boston -1704  "  oSOS  " 

Albany -1695  "  6156  " 

Montreal 1474  "  -6119  " 

It  will  be  seen  that,  owing  to  the  increase  of  the  dip 
with  the  latitude,  the   horizontal   component  steadily 
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lecreases.     The  total  force,  however,  varies  verj  irregu- 
arlv  from  point  to  point. 

Duriug  the  twenty  years  prior  to  I860,  the  horizontal 
component  of  the  earth *s  force  in  the  eastern  United 
Itates  was  slowly  decreu-sin^^,  the  annual  rate  being 
bout  one  thousandth  part  af  the  whole.  About  this 
it  reached  its  minimum  limit,  and  has  since  been 
teadily  increawiug.  The  total  force,  on  the  other  hand, 
lis  been  continually  decreasing  from  the  time  of  the 
arliest  observations.  The  value  of  the  annual  change 
)t  the  horizontal  force  in  C.  G.  S,  units,  as  given  by 
Itdiottiu  1885.  is  at  Boston  +  00081.  at  Phiiadelpliia  + 
00023,  at  Baltimore  -f-  •0(X)09,  at  Havana  —  -00016,  at 
San  Francisco  —  O0022,  and  in  Washington  State  — 
00032.  In  consequence  of  this  clxange  of  sign,  from  in- 
^'easing  to  decreasing  variation  of  the  horizontal  force, 
ihere  is  a  belt  where  the  annual  change  is  zer(».  This 
>elt  about  the  epoch  1885  crossed  the  United  States 
roin  8t  Augustine,  through  Nasliville,  St.  Louis,  Chey- 
Bune,  and  Butte  City,  to  British  Columbia. 

5O0.  latodyiiamic  Liinen,  ll4kri/<>nlal  and  TotAl. — 
Lines  drawn  through  those  places  where  the  earth's 
force  has  the  same  value,  are  called  isodynainic  lines. 
Evidently  the  character  of  the  isodynamic  lines  repre- 
senting tlie  horizontal  force  will  be  quite  diflerent  from 
those  which  represent  the  totid  force.  The  former  cross 
the  United  States  in  nearly  an  east  and  west  direction, 
inclining  to  the  nortli  a  Httlp  as  they  go  westward.  TJnis 
the  isodynamic  line  of  -1844  dyne  (see  Frontispiece) 
passes  near  Now  York,  Cleveland,  Ann  Arbor,  Chicago, 
Dubuque,  Helena,  and  New  Westminster,  B.  C.  The  iso- 
dynamic lines  have  therefore  a  general  parallelism  with 
the  isoclinic  lines.  The  isodynamic  lines  for  the  total 
iforce  are  exceedingly  irregular,  being  greatly  influenced 
l)y  local  causes  apparently.  Thus  the  line  of  •5994  dyne 
passes  through  New  Brunswick  in  a  direction  to  the  east 
of  south,  enters  the  Atlantic  near  Eastport,  turns  west- 
ward, crosses  Cape  Cod,  turns  south  and  enters  the 
United  States  near  the  Virginia  and  N<»rth  Carolina  line, 
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toaolMB  tbe  coast  a^iu  near  WilmingtoD,  tlieD  tmu 
sharply  to  the  west  and  north,  passiug  near  Charlotte, 
Chfittauoogn,  Springfield,  Mo.,  ami  Denver,  audentehng 
British  Columbia  throagh  Idaho  aud  Waahingtoii,  Th« 
line  of  •(»225  dyue  passes  E.H.E.  through  the  northent 
part  of  Ijake  Superior  aud  Lake  Huron,  tuakes  a  clo»e4 
loop  in  the  Province  of  Outario^  reaching  its  easten 
limit  neiir  Ottawa,  then  puBaen  W.S.W.  throuc'L  tlu* 
Houthern  end  of  Lake  Huron,  turns  east  a^ain  througk 
Lake  Erie,  then  weat  through  northern  Oliio,  IiuliftiuK 
and  IllinoiH,  and  passing  through  lowu,  Nebraska,  and 
Wyoming,  enters  British  Columbia  through  Montai»i 

507.  Autotiiatio  Kecords.  —  In  magnetic  ohsem- 
tiouH  the  variations  of  short  period,  such  rt,s  the  anuQjil 
and  diurnal  changes  as  well  us  the  clisturbauct^*s  ^^ 
registered  by  means  of  photography  ou  self-recordiuir 
instruments.  The  needle  carries  a  mirror  which  retfecte 
a  beam  of  light  ou  a  strip  of  sensitive  paper  mo>vuig 
over  a  cylinder  driven  by  clockwork.  The  curves  de- 
scribed are  those  of  the  decimation  and  of  Ihe  hori- 
zontal and  vertical  components  of  the  intensity. 

'  C. — XnEORIES  OF  THE  EARTH'r  JtAGNETISM. 

5»8,  Theory  of  Gilbert.— The  first  precise  theory  of 
the  earth's  magnetism  is  to  be  found  in  the  remarkuhle 
book  of  Gilbert,  published  in  1600,  and  entitled** Do 
Magnete.'*  A  careful  study  of  the  terrestrial  magnetic 
phenomena  known  to  hira  led  him  to  enunciate  hi* 
theory  in  the  following  words  :  '*  Magnus  magnes  ips* 
eat  globus  terrestris  " ;  i.e.,  "the  earth  itself  is  a  great 
magnet."  He  assumed  that  only  the  scdid  portions  of 
the  earth  are  magnetic,  and  thus  accounted  for  changes 
in  the  direction  of  the  needle. 

500.  Subsequent  Theories. — Bond,  in  1676,  sup- 
posed the  earth  to  bo  encompassed  by  a  magnetic  sphei¥> 
Laving  an  axis  inclined  8**  30'  to  that  of  the  earth,  and 
revolving  somewhat  more  slowly  than  the  earth.  Halley 
in  1692  supposed  the  earth  to  have  four  magnetic  poI««, 
two  belouging  to  an  outer  magnetic  shell  and  two  to  an 
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ter  one,  of  which  two  shells  the  earth  is  made  up, 
iatiou  being  due  to  /i  difl'ereuce  in  their  rates  of  revo- 
ition.  Biot  in  1805  suppused  the  earth  to  contain  a 
antral  magnet  with  its  pules  ch?se  together.  Hausteeu 
1819  adopted  the  hypothesis  nf  foui-  poles.  He  snp- 
ised  that  by  the  action  of  the  sun  or  that  of  its  sutel- 
ites  a  planet  may  have  magnetic  axes  developed  in  it, 
one  Uiuie  in  number  than  it  has  moons.  The  slow 
motion  of  tht!  resultant  axin  aecouuts  for  the  secular, 
the  earth's  rotation  for  the  annual,  variation.  Gauss, 
in  1833,  howuver,  made  a  remarkable  mathematical  in- 
vestigation on  the  distribution  of  the  earth's  magnetism, 
luid  decided  on  two  poles  only.  In  his  view  the  earth 
does  not  contain  a  single  great  magnet,  l>ut  is  nuule  up 
of  irregularly  ditluseil  maguetie  elements,  whicli,  taken 
t4>frether,  have  a  remote  resemblance  to  the  condition  of 
i  ordinary  magnet  The  application  of  Gauss's  formula 
squired  the  delermiuation  of  24:  numt^rical  eoetlicients. 
Le  computed  the  value  of  the  inclination,  the  hori. 
►ntal  force,  and  the  total  intensity  for  91  places  on  the 
krth's  surface,  and  fouuil  the  results  io  agree  remarkably 
itli  those  observed.  In  1820  Oereted  had  observed 
le  production  of  magnetism  by  means  of  an  electrio 
surrent;  and  in  1822  8eebeck  had  discovered  thermo- 
electricity.  Combining  these  two  diseoveries,  Grover  in 
18-41)  proposed  the  theory  that  the  magnetism  of  the 
earth  is  due  t<i  electrical  currents  circulating  around  it, 
produced  by  the  action  of  the  sun  and  modified  by  the 
earth's  motion  ;  a  theory  which  is  now  generally  adopted, 
OOO.  Constants  of  Torroslrial  Magiirtisni. — The 
phenomena  of  terrestrial  magnetism  may  be  rougldy 
represented  by  an  indefinitely  short  magnet  ])hiced 
within  the  earth,  and  inclined  about  15°  to  the  earth's 
axis  of  rotation.  The  Hues  of  th^  tiekl,  as  shown  in  the 
figure  (Tig.  295),  are  symnn^trit-al  witli  reference  t«>  Pi*'y 
the  earth's  magnetic  axis,  and  the  line  EE'  perpeudicxilar 
this  axis  represents  the  magnetic  equator.  Magnetic 
parallels  may  be  drawn,  on  each  of  which  the  magnitude 
id  direction  of  the  force  is  constant.     These  are  there- 
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fore  iflomagnetic  lines.  The  inclination  at  any  Utita«W 
0  iH  given  bj  the  expression  tau  7—2  tau  ^;  andlhe 
toUl  force  bj  the  formula  T*  =  T/  (1  +  3  sin'  p),  in 
which  T^  i»  the  total  force  at  the  eqaator.  Evidf^ntlj 
every  great  circle  through  P  and  /^'  is  a  mapnetic 
meridian ;  so  that  the  angle  at  which  these  meridi&nft 
intercept  the  geographical    meridian  of  a  place  is  iuj 
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declination.     One  of  the  geographical  meridians  pafiws 
through  the  nuiguetic  pole  and  coincides  with  a  magueticj 
meridian.     Evidently  for  points  on  this  combined  inend- 
ian  the  declination  is  zero,  and  this  meridian  constitui 
an  agonic  liue^ 

KxpEHiHRMTS.  — 1.  Magnetize  a  steel  dUk  by  placinjt  it  in  n&frat 
field  with  a  diameter  parallel  to  the  lin<?s  of  force.     Fiace  the  di 
Uiua  magiiotized  in  the  vertit'al  lantern,  and  ovor  it  pi  iter  a 
plato  on  which  snft  iron  fihngs  hnve  been  sifted.     On  Rlightly  JArrii 
thu  plate,  the  filin^^s  will  nrniii^  thumsi'lves  along  the  liucKof  ft 
forming  a  magnetic  phantom  reprostiuting  in  miniature  thatofi 
section  of  thu  uarth. 

2.  Suspend  a  minute  magnetic  needle  by  a  fiber  of  silk,  and 
it  about  through  ihp  Held  thus  shown.  Opposite  tbe  polra  the!  aif 
of  the  needle  is  radml,  and  here  the  inclination  is  90".  Oppotitn 
equator  thu  axis  la  tangential,  and  the  inolination  is  0 ".  At  tni'?T 
mtMliate  point^i  the  dip  varies  accortlin^  to  the  formula  aboTO  ^Trb 

601.    Magnetic  Moment  of  the  Garth. — Upoii  Ui« 

hypot\ieft\R  ol  GOiUSfi  above  given,  the  eartli*a  magnetic 
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ikoment  may  be  calculated.     Since  the  intensitj  of  mag- 
letization  is  the  ratio  of  the  magnetic  moment  to  the 
lolnme,  we  have  M—IV^  T^R\    So  that  calling  T^  or 
fhe  total  force  at  the  equator  0-33,  and  -^  =  (8  X  10")/;r', 
ve  find  for  the  earth's  magnetic  moment  8*5  x  10"  C.  G. 
B.  tinits-     Consequently  we  have  for  the  intensity  of 
magnetization  of  the  earth 
/_:?_  .j^_    y,g'    .3r,        0-99  _ 
-*  "  F  ~  inB*  ~  ^nE"  ~   4ff    "  1256  -  ""'^' 
rt  about  one  three-thousandth  of  that  of  an  ordinary  steel 
magnet    It  results  from  the  calculations  of  Gauss  that 
ihe  total  magnetic  action  of  the  earth  is  the  same  as  that 
irhich  would  result  if  in  each  cubic  meter  of  its  volume 
Jiere  were  contained  nine  magnets  of  steel  each  of  a  mass 
>f  half  a  kilogram,  and  each  saturated. 


CHAPTER   IV. 

ENERGY  OF  ^THER-FLOW.— ELECTEO- 

KINETICS. 

SEcmoN  I.— Transference  or  Electrificatior 

A, — ELECTBIC  CUlUlE^^^S. 

002.  Eloctrlc  Flow. — Whenever  two  poinU  at  JiiTer- 
ent  eluctiic  poU'iitials  are  connecteil  by  a  couductor.  & 
traniiference  of  oleotrificiviioii  takes  place  tlintugh  llii* 
uoiiductor,  produciog  an  electric  current.  Since  tk 
transference  is  asstiiiiecl  t(j  take  place  from  the  pciiutol 
hi^licr  to  the  point  of  louver  potential,  i}ie  dirertioD  d 
the  current  is  tlie  directiou  in  whii-.h  pomtive  eleotrific*-, 
tion  ia  transferre*!.  This  current  contiunes  until  bo4h 
ends  of  the  conductor  have  the  same  potential.  It  i 
therefore  temporary  if  the  quantity  of  electnticaticiD 
limited  ;  as  when,  for  exanjple,  a  Leydeu  jar  Is 
charged.  But  if  by  auy  device,  sucli  as  a  voltaic  oel 
the  diflference  of  potential  be  maintaiued  c<>nst}ait,  tbi 
ilow  of  current  is  continuouH,  aud  ib  th«  satfie  throni;! 
every  cross-section  of  the  circuii 

OOa.  Speed  of  TrunMlorvnce. — AVhon    t>lertj 
is  transferred  tr)  a  conductor,  the  first  result  att...... ..  . 

the  charging  of   that  conductor;  Le.,  the  raising  it  I 
a  potentinl  equal  to  that  of  llie  source.     But  the  qnfwi 
tity  which  must  be  transferred  to  raise  the  conductor 
this  potential  is  a  function  of  the  capacity  of  this  coit- 
duotor.     S<)  that  the  time  of  tlie  appearance  of  a  fir- 
at  the  renif>te  eij<l  of  a  linear  ci>oductor,  such  as  a  vv.^. 
will  depend  not  only  upon  the  length  bat  also  upon  ihf 
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i*ftpaeity  of  this  conductor.     Moreover,  a  niiuimum  of 
.'Large  will  appear  at  the  remote  end  iu  a  minim  uin  of 
ime ;  aud  this  charge  will  gradually  iucreane  until  the 
l^ire    is   fully  charged.     The   time   which   has   elapsed 
r»inee  the  flow  begau^  and  which  represeutw  the  Hj)eed  of 
ransference  of  the  electrification,  is  therefore  variable, 
iince  it  is  dependent  upon  the  delicacy  of  the  apparatus 
I  used  to  detect  the  electriticatiou  at  the  remote  end  of  the 
Ex-identlj*,  therefore,  the  speed  of  electrical  trans- 
ference along  a  wire  can  have  no  constant  value ;  since 
varies,  not  only  with  the  capacity  of  the  conductor,  but 
also  with  the  delicacy*  of  the  devices  employed  for  de- 
tecting the  arrival  of  the  potential  difference  at  its  end. 
004.  Current-strength.— Oliia's Law. — The  quantity 
of  electrification  which  is  transferred  depends  obvion:dy 
upon  the  time  /  during  which  the  current  flows;  so  that, 
for  example,  calling   Q  the  quantity  transferred   meas- 
ured iu  coulombs,  and  /  the  cnrreut  measured  in  am- 
peres, we  have 

Q=It  [70] 

Moreover,  since  the  current-strength  is  measured  b}-  the 
quantity  transferred  iu  unit  time,  and  since  this  quau- 
tit}'  is  the  greater,  the  greater  the  diflfereuce  of  potential 
between  the  ends  of  the  conductor,  /  will  evidently  be 
directly  proportional  to  F—  V\  or  E,  the  difference  of 
]>4»tential.  Again,  experiment  shows  that  the  current  is 
also  dependent  upon  the  dimensions  and  material  of  the 
ooudncting  wire.  Since  no  known  material  conducts 
perfectly,  all  conductors  are  said  to  offer  reaistance  to  the 
flow  of  electriticatiou ;  this  resistance  being  the  recipi*o- 
cal  of  the  conductivity.  Hence  the  current-strength, 
which  varies  directly  with  the  conductivity  of  the  wire, 
will  vary  inversely  as  its  resistance.  The  current- 
strength  in  any  conductiug  circuit,  then,  is  a  function  of 
two  variables,  and  of  two  only;  the  difference  of  poten- 
tial directly  and  the  resistjince  inversely;  whence  we 
have 

/=  E/B,  [71] 
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in  wliich  R  repreHentH  tlie  reKistance  of  tlie  cireaii 
Tills  relatiou  vrus  first  euauciated  br  Ohm  in  1827,  &&d 
is  kuowu  a8  Ohm's  law.     It  may  be  stated  aa  follows : 

The  currentbtreDgth  in  anj  circuit  is  directlj 
proportional  to  the  8um  of  the  electromotiTe 
forces  in  the  circuit  and  tuversely  proportional 
to  the  sum  of  the  resistances. 

OO.l.  Ke»iHtAuce.  —  Besistance  appears  to  be  thtt 
agency  by  which  the  electrical  energy  oi  a,  circait  i* 
transformed  into  other  forma  of  ener^ ;  bnt  of  its 
nature  we  know  nothing.  It  can  be  defined  only  In 
terms  of  the  diflference  of  potential  and  the  current, 
strength,  and  is  the  ratio  between  them,  since  R  =  £/L 
In  a  conducting  wire  it  varies  directly  with  the  \trx^h 
of  this  wire  and  inverse!}*  with  its  cross-section.  It  also 
varies  with  the  material  of  which  the  conductf)r  is 
made ;  so  that  if  we  call  the  absolute  resistance  oi  % 
wire  of  unit  length  and  unit  section,  made  of  a  particular 
material,  the  specific  resistance  of  that  material,  we  m&i 
say  that  the  actual  resistance  varies  directly  as  the 
specific  resistance  of  the  material  of  the  conductor. 
Calling  /  the  length  of  the  conductor,  8  its  section,  and  p 
the  specific  resistance  of  the  material,  we  hare 

R  =  pl/s, 

which,  since  8  ~  tt*  or  Jjrrf*,  becomes  R  =  /o^/irr*  or 
iifi/nd'.  Resistance  is  measured  practically  in  ohms, 
and  specific  resistance  in  microhms. 

60«,  Eleotruklnetic  Uiiith. — Current-etrength  mar 
be  mt^asured  in  units  based  npon  the  electroirtatic  unit* 
already  considered  (469,  482,  507).  Thus  the  electrcv 
kinetic  unit  of  current  may  be  defined  by  the  equation 
/=  Q/t  as  the  number  of  absolute  ele<*trostatic  units  of 
quantity  transferred  in  unit  of  time;  and,  from  Ohra* 
law,  E  =  IR,  since  E  =z  F—  V\  the  electrostatic  differ- 
ence of  potential,  we  may  define  the  electrokinetic  unit 
of  resistance  as  the  resistance  of  a  conductor 
through  v{\iieh.  oue  electrokinetic   unit  of  cor* 
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rent  flows  when  one  unit  of  electrostatic  poten- 
tial-difference is  luaiutaiueil  between  its  ends. 
The  dimensions  of  electrostatic  diflerence  of  potential 
are  M^DT'*  (507);  and  the  dimeuuious  of  electro- 
kinetic  current-streugtli  are  M^UT'^.  Consequentlj 
the  ratio  of  these  quantities,  which  represents  the  di- 
tueusions  of  electrokiuetic  resistance,  is  T/L,  The 
reciprocal  of  this  is  L/T\  and  this,  which  represents 
electrokiuetic  conductivity,  is  a  speed. 

In  general,  however,  another  absolute  system  of  units 
ia  emploj'ed,  based  upon  the  magnetic  effects  of  the 
current,  and  lience  called  an  electromagnetic  system  of 
nuits.  These  will  be  considered  in  connection  with 
electromagnetisin  (609). 

007.  Applications  ol'Olnii^H  Law. — The  law  of  Ohm 
may  be  nppliod  to  calculate  the  curreut-streugtL,  not 
only  in  a  simple  circuit,  but  also  iu  the  conductors  of  a 
complex  one.  Two  general  modes  of  arranging  electrical 
devices  in  a  circuit  are  in  use :  in  the  first  these  devices 
are  arranged  consecutively  one  after  the  other  (Fig.  296), 


FiQ  <9Bl 


the  current  flowing  successively  through  each  of  them, 
— A — B — C — D — ;  this  is  called  an  arrangement  iu 
•erieB.     In  the  second  the  devices  are  arranged  side  by 


Fro.  a97. 


side  (Fig.  297)  or  parallel  to  each  other,  the  current 
flowing  simultaneously  through  them;  this  is  called  an 
arrangement  in  multiple.     Obviously  these  two  methods 


maj  be    combined    to    coustitute   au    BrraDgezueat  in 
multiple  seriei;  as  iu  Fig.  298  for  example. 


-iy 


H 


h 
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008.  Series  Armiigenieiits.  —  Suppose  seyeral  elec- 
trical geueratora — meuuiug  by  tLis  term  any  device  for 
niaintniuing  a  constant  potential  difference — to  be  con- 
nected iu  series  ;  i.e.,  the  negative  terminal  of  one  to  tL« 
positive  terniiual  iu  the  next  as  in  Fignre  296.*    Eneh  gen- 
erator develops  a  certain  potential  difference  ;  and  fciuiv 
these  are  added  together  in  connecting  the  generaturtv 
in  Beries,  the  difference  of  potential  of  the  whole,  calling 
e  that  developed  bj  one  generator,  ia  equal  to  2e;  ax 
equal  to  ve  if  n  equal  generators  he  used.     Moreovef, 
each  generator  has  a  resistance  r,  depeniling  upon  tlie 
materialH  and  mode  of  construction  ;  whence  the  total 
resistance  of  the  set  will  be  ^'r,  or  nr  if  n  equal  gen- 
erators be  eniplijjed.     Hence   calling   7?,  the   total  in- 
ternal resistance,  lit  ~  -2'r  or  nr*    If  now  we  call  J?, 
the  resistance  of  the  conducting  wire  used  to  connect 
the  terminals  of  the  first  and  last  generatoi-s,  i.e,,  the 
total  external  resistance,  we  have  by  Ohm's  law : 


/= 


2e 


ne 


E 


:st-\-R0    «»*  +  ^.    Hi+K 


But  in  the  circuit  external  to  the  generatons  wb  majj 
have  various  devices  ;  such  as  a  galvanometer,  a  lamp,  n 
motor,  etc.    So  that  the  total  r^istance  of  the  external 


•The  convenUonnl  mode  of  leprcai-nlin^  such  geiifrntoni  is  shim tt 
In  the  Hgnre  ;  the  short  thick  lines  indicutiog  the  negative  side  aod  tiw 
long  flne  ones  the  po$it!vf^. 
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ircait  Eg  will  be  w-\'g  -\-l-\-  m\  calling  w,  g,  ?,  m  the 
resiHtauceiS  of  tlxe  wires,  galvanometer,  lamp,  and  motor. 
Whence 


/= 


i'e 


ne 


2r-{'W-]-g-\-l-\-in     nr+M?+gr"|-/-t-m     lit+Bt 


[72] 


009.  Multiple  Arrungeiueuts.  — Suppose  a  single 
inerator  to  have  its  terminals  couueuted  by  several 
I  wires  in  multiple.  Evidently  the  current  will  diWde 
-into  aa  many  portions  as  tliere  are  wires.  Moreover,  the 
conductivity  of  the  entire  set  of  wires  will  be  the  sum  of 
I ibe  separate  conductivities;  so  that  6'=  c -[- o,  +  c^,  + 
•*///  +  •  •  •  ^n'  Bat  since  c  =  1/r,  this  may  be  written 
1/B  =  1/r  +  1/r,  +  lA.  +  1A,„  +  .  •  .  l/'-n.     Whence 

B  rrr,T,„ 


Br= 


Or  the 


resistance  of  a  number  of  conductors  arranged  in  parallel 
or  multiple,  is  the  product  of  all  the  resistances  divided 
by  the  sum  of  the  products  of  the  resistance  of  each 
conductor  into  all  the  others  except  one.  Obviously  if 
these  resistances  are  all  equal,  i?  =  r*/4r' or  ^r ;  and 
hence  the  total  resistance  of  four  equal  parallel  con- 
ductors is  one  fourth  of  the  resistance  of  any  single  con- 
ductor. If  several  equal  generators  be  arranged  in  mul- 
tiple as  shown  in  Figure  297,  the  iliiTerence  of  potential 
^of  the  group  will  be  that  of  a  single  generator  only,  e; 
but  the  resi.stance  of  the  group  /?,  will  be  proportional  to 
the  reciprocal  of  the  number  of  generators.  In  the  same 
way  the  tottd  resistance  H^  of  a  number  of  equal  de- 
■vices,  lamps  for  example,  ;n  the  external  circuit  will  be 
proportional  to  the  reciprocal  of  the  number  of  such 
devices.  So  that  if  n  generators  in  multiple  each  of 
Tesistance  r  be  connected  to  an  external  circait  contain- 
ing m  devices  in  multiple  each  of  resistance  r. ,  we  shall 
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have  Rt  =  r/n  and  R^  =  ''./"'•     Whence  by  the  Uw  of 
Ohm 

E  mnE 


/  = 


n       m 


R 


«10.  Multiple-series  Arrnii^eiuents "When   bolti 

methods  of  armnging  circuits  are  Kimultaneouslr  em- 
jjlojed,  the  formulas  above  given  xnaj*  be  combioed. 
Given  N  geueratora,  arranged  tn  iu  Hehes  and  n  in 
multiple,  we  have  mn  =  N,  So  that  if  H^  be  the  ex- 
ternal resistance,  Hi  —  mr/n  and  the  law  of  Ohm  gives  a* 


/=-. 


me 


or 


Xe 


mr 


+s. 


mr  -f-  hB^ 


If  i9  devices  each  of  resistivnce  r,  he  arranged  in  multiple 
series  in  the  external  circuit,  «  dovicoH  being  in  seriffl 
and  t  de\-ice8  in  tnnltiple,  S  =  st  and  i?,  =  *r,/<;  and 
the  current«trength  will  be 


/  = 


me 


me 


Nfe 


Ri+Re 


mr  ^^  sr. 


mrt  -|-  n»r^ 


[74] 


611.  Branched  Circuits. — Sbnnts The  most  fre- 
quent case  in  practice  is  where  only  two  ranltiple 
circuits  are  employed  but  of  different  resistances.  Either 
of  these  branched  circuits  is  said  in  be  a  shunt  circuit  to 
the  other.  Thus,  for  example,  if  a  galvauomet-er  0  and 
a  coil  S  are  placed  on  two  parallel  circuits  (Fig.  2d9\ 
the  coil  will  act  as  a  shunt  to  the  (galvanometer  and  will 
reduce  the  cuiTeut  tiowiug  through  it  in  prop<irtion  »« 
its  resistance  is  less  in  corapanson.  As  in  this  ca^e 
B,  the  total  resistance  between  a  and  h,  is  e(]nnl  to 
G8/{G  -f-  S),  we  have,  calling  /'  the  total  current  fiowinfr 
and    supposing   the    potential   difference  E  between  n 
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id  6  to  be  constaut,  /'  =  E/R  -  E/{  GS/{  G  +  S))  — 

O  H-  S)/GS.      Since  if  the  galvauonieter  alone  were 

the  circuit,  /=  E/G,  we  Lave  I :  I'  ::  I  :  {G  -\-  S)/S ; 

.e„   r=  J{G+S)/S\    whence  the  fraction  (G  +  S)/S 

^Sa  called  the  multiplying  power  of  the  shunt,  since  it 


x^jmLy 


Fia.  SM. 

increases  the  total  current  in  this  ratio.  Moreover,. 
if  the  galvanometer  alone  were  in  circuit,  the  cur- 
rent/=^/fr;  Hud  with  the  shuut  alone  J"=E/S; 
•whence  I"  :  Ii:  0:8,  Now  since  the  current  /'  wlien 
both  are  in  circuit  is  equal  to  /-|-  /",  i.e.,  to  l/G-\-  1/S 
or  ( (?  -f-  S)/GS,  it  is  evident  that  in  this  case  this  current 
mast  divide  between  the  two  circuits  in  the  inverse 
ratio  of  their  resistauceB.  Of  the  total  current  in  the 
circuit,  then,  the  fraction  S/(G -^  S)  will  flow  througli 
the  galvanometer  and  the  fraction  G/{G  -{-  S)  ihvon^h 
the  shuut.  So  that  if  the  galvanometer  have  nine  times 
the  resistance  of  the  shunt,  one  tenth  of  the  current  will 
flow  through  the  galvanometer  and  nine  tenths  through 
the  shuut. 

612.  KirchhoffN   Laws. — Two  laws  have  been  de- 
rived by  Kii'chhotf  from  Ohm's  law  which  are  frequently 


pio.  aco. 


useful.    Suppose  a  current  flowing  from  b  to  a  (Fig.  300) 
through  the  three  branched  conductors.     Since  at  the 
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point  a  as  we  Lave  just  se^u,  1  =  1'  ^  I  "4-  /"',  UfolloT« 
that 


/'-|-/"-|-/'"./=0. 


[75] 


Whence  the  first  law : 

L  The  iil^ebraic  sum  of  the  currents  which 
meet  ut  ft  point,  in  anj  arraugemeut  uf  circuits, 
is  always^  zero.  This  result  is  evident,  since  H  iLe 
quantity  brought  to  the  point  a  by  the  branch  conduce 
tors  /',  /  "  aud  /'"  be  not  equal  to  the  quautitj  /car- 
ried away  by  the  uaiu  conductor,  there  will  l)e  as 
accurnulatiou  of  electrification  at  this  point  and  co&se 
queutly  a  rise  of  potential  there ;  which  is  contrary  to 
the  hypotliesiH  that  tlie  potential  difference  between « 
and  b  is  maintained  constant. 

In  the  seciuid  caae,  Hupp<»se  a  cIohciI  circuit,  u,  /».c,  d, 
e,/  (Fig.  301),  made  up  of  wi  con- 
ductors. The  current  t\  in  ah  will 
ifi  be  (  I'a  —  T'b  )/r, ;  whence  i\r,  =  F, 
—  Vb^  In  he,  i\r,  =  }\  —  r, ;  and 
8(j  ou  until  in  /a,  V,r,  ^  V/^Vf 
On  adding  these  equatirfns  to- 
father,  the  differences  of  potential  dij^appear  and  «e 
have 

»>.+»>.+».n+Kn+t>.+»>.  =  0:  ie.,  2ir  =  0,     [76] 

"Whence  the  second  law  of  Kirchhoff ; 

U.  In  a  closed  circuit  composed  of  sereral 
conductors  arranged  in  series,  the  »nm  of  the 
products  obtained  by  multiplying  the  resist- 
ance of  each  conductor  by  the  current  flowing 
through  it,  is  equal  to  zero. 

In  case  the  circuit  contains  electromotive  forcee  the 
second  law  requires  some  modification.  Here  the  dif- 
ferences of  potential  on  summation  do  not  ranish,  but 
have  a  positive  value.  Hence  the  sum  of  ir  is  not  xero, 
but  haa  a  value  ec\ual  t<->the  sum  of  ^;  or  2  E  =  2ir. 
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XJnderthefleconditionSitheaum  of  theproductsof  the 
resistance  aud  the  curreut-streugtli  iu  each  of 
the  conductorsjiij  equal  to  the  aum  of  the  electro- 
motive forces  in  the  circuit. 

«i:j.  Fall  of  PoteiitUil  iu  a  Circuit-— If  OhuiH  law 
be  plotted,  luakiu'^,  iu  the  formula  E  =  IB,  the  ordi- 
nates  differences  of  poteu- 
tial  aud  the  abscissas  re- 
ustaiices,  the  result  will  l»e 
a  straight  liue,  iucliued  to 
the  &X1H  of  ab8cis»a8  hy  au 
angle  whose  taugeut  is  rep-  y^^  sw. 

resented  by  the  current-strength.  But  by  Ohm's  law,  / 
is  au  inverse  function  of  H,  Hence  if  E  be  cunstaut, 
the  angle  will  vary  with  i/,  decreasing  as  the  renistiince 
increaseB.  Thus  the  fall  of  potential  iu  an  external  cir- 
cuit supposed  homogeneous  may  be  as  represented  iu 
Figure  302,  where  E/Ii  =  tan  a=zL    While  if  we  consider 

also  the  interual  circuit! Fig. 

303),  of  resistance  B,,   vre 
K  '^  have  the  fall  of  potential  in 

the  f^enerator  E  —  E~  /A\. 
Ht  -.^  Since,  however,  the  current 

Fin  301.  is  tlie  same  in  all  parts  of 

the  circuit,  E/R,  =  (E-E)/Br,  whence  E  :  E' ^  E 
::  B,  :  /?, ,  and  also  £" :  ^  ::  7?^  +/?,  :  7?, ;  as  is  evident 
from  the  figure.  In  general,  if  there  be  any  closed  cir- 
cuit through  which  a  current  is  fl(»wiiig,  the  fall  of  po- 
tential in  any  portion  of  this  circuit  is  proportional  to 
the  resistance  of  that  part  of  the  circuit.  Or  calling 
f.  the  fall  of  potential  E'  —  E,  in  the  diagram  above, 
e  :  E::Bi  :  B^*  For  the  internal  circuit  we  have  e  =IBt, 
and  for  the  external  circuit  E^=/B^  Whence  E-^-e 
or  E'  =I{B,  -f  Bi);  the  result  given  by  Ohm's  law  for 
the  entire  circuit. 

014.  I^w  of  Maxinniiii  Cnrmit. — It  is  often  desir- 
able so  to  arraufje  a  given  number  of  generators  that 
they  will  give  the  maximum  current  with  a  given  ex- 
ternal resistance.     Tlu*  laws  of  multiple-series  circuits^ 


titken  in  contieotiou  with  the  law  of  Olim,  6mtl>le  iLi^ 
to  be  done.     L<»t  ^V  be  the  total  naiuber  of  gen»>i 
let  them  be  arranged  m  in  series  and  n  in  nmlUplfr, 
let  B^   be   the    given   external   resiutauce,  r  beinp  tl^ 
resifttunce  of   each  generator.     We   have  shown 
<610)  that  the  current  obtained  A^ith  the  aboTe 
meut  of  generators  is 

Ne  e 


/= 


n       tn 


Evidently  when  the  quantity  r/n  -\-  R^/vi  is  a  miniinuw, 
the  current-strength  /  will  be  a  maximum.  When  tLe 
product  of  two  quautitieK  is  countuut,  their  Hum  \&  leasl 
when  they  are  etjuaL  Now  the  pro<iuct  of  rjn  and  lij^ 
is  rBJnm  or  rItJN.  Here  the  numerator  is  conBtaDt 
since  it  is  the  product  of  the  resistance  of  a  singh*  giten 
cell  by  the  given  externa!  resistance  ;  and  the  deunmj- 
nator  is  also  constant,  since  it  is  the  given  number  of 
cells  t^  be  employed.  Hence  the  sum  r/n  -\-B,/m  ia 
least  when  r/n  =  RJvi.  Multiplying  both  members  by 
♦»,  we  have  w»r/tt  =  R^ ;  but  ?/ir/n  is  the  resistance  of 
the  i^  generators  combined  in  n  series  of  w  each.  Hence 
the  rule  that  to  obtain  the  maximum  current  with  ft 
given  external  i^esistance,  the  generators  should  be  ar- 
ranged so  that  their  combined  resistance  equal^ii  that  of 
the  given  external  resistance. 

«15.  Kiiorgry  of  the  Current. — The  potential  euergr 
of  a  qujiiititj*  of  electrific«tioii,  Q  coul(»mbs  for  example, 
raised  to  a  potential  of  V  volts  is  ()FTolt-coalomb&  or 
joules.  The  energy  contained  in  a  condenser  of  cjipnritT 
C  farads  charged  to  a  potential  V  volts  is  i^T*  jouJo»fi 
or  since  0=  Q/V^  is  i^F"  joules.  When,  therefore,  t 
quantity  Q  flows  through  a  wire  from  the  potential  Ttti 
V\  its  loss  of  energy  is  QV-  QV  or  <;\r  -  T') ;  and 
this  energy  is  expended  in  work.  Whence  ir  = 
C^V-  F')  =  i(F-  Vy.  JIQ  &Jid  V  are  expressed  ifi 
electrostatic  C.  G.  S.  units,  the  work  done  will  be  ob- 
tained in  ergs. 
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616. 1»awui' Joule. — The  experimental  fHtJililiBlinieut 
of  the  energy'  of  an  electric  current  is  duo  to  Jonlo.  The 
TTork  W  done  by  a  curreut  /,  iu  the  time  ^  nccordiug  to 
the  law  of  Joule,  is  equal  to  the  product  of  the  current- 
streugth  /,  the  time  t,  and  the  fall  of  }x>tential  E ;  or 


W=(V-  V')lt^EIL 


[77] 


Since  ^=  /A  by  Ohm's  law,  we  have  W=  PRt  \  or  if 
■we  eubatitute  the  value  of  /=  E/R,  we  get  W=  E*ilR\ 
all  of  which  are  equivalent  expressions.  Since  /  =  Q/iy 
the  equation  W^  =  EI  =  PR  =  E* jH  evidently  expresses 
the  work  in  ergs  which  is  done  by  the  curreut  in  each 
|,«econd;  i.e.,  the  rate  of  work  or  the  activity.  If  E  Ik; 
measured  in  volts,  R  in  ohms,  and  /  iu  amperes,  W  will 
be  expressed  in  joules  per  second  or  watts. 

617.  Law  of  Muximuiit  Efficiency. — Since  the  work 
which  is  done  iu  any  circuit  or  part  of  a  circuit  is  pro- 
portional to  the  fall  of  potential  in  that  cucuit  or  part 
of  a  circuit,  and  since  the  fall  iif  potential  is  itself  pro- 
portional to  the  resistance,  it  is  e\'ident  that  the  work 
done  in  the  different  parts  of  a  circuit  is  proportional  to 
the  resistances  of  those  parts.  Thus  if  in  a  given  circuit 
the  internal  resistance  is  ^f  and  the  external  resistance 
i/,,  the  work  per  second  done  by  the  current  iu  the 
internal  circuit  will  be  PRt  and  in  the  external  circuit 
PR^  \  the  whole  work  being  of  course  P{Ri  +  R^  If  E' 
is  the  potential  difference  of  the  generator  on  open 
circuit,  E'  =  l\Ri  ~\-  /?<.).  And  if  the  fall  of  potential  in 
the  generator  be  e  and  th?,t  on  the  external  circuit  be  E^ 
evidently  €  ~  IRi  and  also  E  —  JR, ;  and  since  E'  = 
E  ~\-e,  E'  z=i  /{Rf  -f-  Re)  as  before.  In  this  case  PRt  rep- 
resents the  energy  expended  per  second  in  the  generator 
and  therefore  uselessly  ;  while  PR^  represents  the  energy 
expended  in  the  external  circuit  and  therefo^re  available 
for  useful  purposes.  Wo  may  indicate  by  Wj.  the  total 
work  of  the  circuit,  by  Wfr  the  useful  work  done  by  the 
generator,  and  by  JVy  the  non-available  work.  In  which 
case  we  have  IF,  =  /'(^^  +  if.)  or  EI,  W^  =  PR^  or  EI, 
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and  Wfi  =  J*Ri  or  e/.     The  efficiency  of  the  azTangemesit 
is   ilxe    ratio   of   the   aseful   work   to    the   i<:iLal 
expemled;  or  Wj./ JK^  But  this  ratio  ia  equal  t4:)  Z,7  , 
E/r ;  Le.,  to  PBjI\R,  +  ^.)  or  -ff«/(^,  -f  i?.).    Ho». 
ever,  tlieu,  the  total  yield  niny  itself  vary,  the  ell'  ' 
maybe  increased  by  iucreusiug  still   more   rnpi 
asefnl  work.     Now  it  is  easily  shown  that  if  E'  and  R,  t>e 
onstant,  1^%  is  a  maximnm  when  /•*,  =  Bi  (614).     Under 
thift  condition  the  efficiency  is  equal  to  RJ22{^  or  to 0*5; 
and  the  maximum  useful  work  is    one    half    the    tot&I 
work.    As  IFp  =  i  IT,  =  \E' L  and  /  =  E/2Iit,  we  bare 
for  the  maximum  useful  work  the  value  E^*/iRi,    It 
aliould   be   observed,  however,  that   this   condition  of 
maximum  work  is  not  the  condition  of   maximnm  etii. 
ciency.     Evidently,  the  efficiency  will  be  the  great<>'riis 
Wf;  approaches  more   nearly  the  valtie    TFj.      But  a* 
Wc/Wt=  ^/^'  =  RA^i+  R.h   it  is    clear    that  th.^ 
efficiency  will  be  the  greater  in  proportion  as  the  drop 
in  |>otential  in  the  generator  is  smaller,  and  therefore  as 
E  approaches  E' ;  or  in  other  words,  in  proportion  as  ihr> 
resistance  of  the  generator  is  smaller,  and  so  the  valoe 
B^/iRi-^  Bt^  approaches  unity.      Thus,  for  example, if 
Bt  -  -l^,.  the  ratio  RJ{B,  +  B,)  is  9  :  10  and  the  eflS- 
ciency  is  00  per  cent.     This  ratio  is  frequently  calleil  lh€ 
eoonomio  coefficient  of  the  system  and  is  denoted  by  r?.    In 
the  above  example  the  total  work  in  the  circuit  is  oaly 
one  fifth  of  that  done  when  the  external  and  interuAl 
resistances  are  both  equal  to  unity.     Bnt  the  useful  work 
done  is  more  than  nne  third  of  the  maximum  ;  and  hence 
the  efficien<;y  increases  from  fifty  to  ninety  per  eent 
Evidently,  therefore,  in  theory  if  the  internal  resistnnce 
were  Jiero,  the  ratio  7?,/( /?< -f- i?,)  wouhl  become  UDity 
and  the  efficiency  would  roach  100  })er  cent,  its  theoretical 
maximum. 

618.  Variable  Period. — When  one  terminal  of  i 
generator  is  connected  to  a  long  insulated  linear  con- 
ductor, such  as  a  tolepfraph  wire,  a  current  will  flow  iDtt> 
the  conductor  until  its  potential  is  raised  to  that  of  tho 
terminal ;  the  amount  of  charge  being  directly  propor- 
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tioual  to  the  capacity  of  the  conductor,  aud  the  time  of 
harge  inversely  proportional   to  the  current-strength, 
And  tlierefore  dii'ectly  proportional  to  the  resistance  of 
the  conductor.    Couversely,  if  the  end  of  the  conductor  be 
removed  from  the  generator  and  connected  to  the  ground, 
there  will  be  a  tiow  of  cun*ent  from  the  conductor  to 
earth,  until  its  potential  is  zero  and  a  quantity  of  electri- 
fication equal  to  its  charge  has  flowed  to  earth  in  the 
form  of  a  current.     If,  however,  the  remote  end  of  the 
wire,  as  well  as  the  second  terminal  of  the  generator,  be 
put  to  earth,  then  the  potential  will  rise  until  it  equals 
that  of  the  tirst  generator-terminal,  only  at  the  near  end, 
and  M'ill  fall  toward   the  remote  end,  where  it  will  be 
Eero.     When  communication  is  first  established,  a  wave 
of  cun'ent  traverses  the  wire,  the  increase  of  potential  at 
any  point  being  represented  by  the  ordinates  of  a  curvq 
called  the  arrival-curve,  the  abscissas  of  which  represent 
times.     Tlie  time  elapsing,  after  communication  with  the 
generator  is  established  until  the  flow   is  constant,  is 
called  tht^  variable  period.     It  depends  not  only  upon  the 
potential  ditYerenoe  at  the  generator-terminals,  but  also 
upon  the  resistance  and  electrostatic  capacity  of   the 
conductor.     And  since  both  these  quantities  vary  as  the 
length,  the  time   of  charge  varies  as  the  square  of  the 
length.   Thus  in  "U^  heats  tone's  experiment,  the  difference 
of  potential   necessary  to  produce  a  spark  appeared  at 
the  end  of  a  wire  305  meters  long  in  somewhat  less  than 
a  millionth  of  a  second.    But  it  does  not  follow  that  it 
wouhl  traverse  a  wire  a  million  times  as  long  in  an  entire 
ftecond,  as  he  supposed.     In  fact,  since  I  oc  Vtt  it  wuuld 
travel  only  one  thousand  times  as  far  in  one  second  as 
iu  one  millionth  of  a  second,  for  the  same  potential  dif- 
ference and  in  a  wire  of  the  same  material ;  which  is  less 
than  400  kilometers.     The  wave-front  reaches  the  point 
o  of  the  wire  OR  (Fig.  304>  in  the  time  /,  and  the  points 
h  aud  R  in  the  times  /'  nwd  t".     But  when  it  has  juHt 
reached  A,  it  has  a  value  «1  at  a  ;  and  reaches  the  valuos 
a2  and  «3  only  after  the  wave-front  has  reached  the  end 
R  or  has  ntbiined  the  permanent  state.     If,  however,  the 
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contact  with  the  generator  be  an  inBtantaneons  one,  the 
condition  uf  thingH  va  as  shown  in  the  eecond  diftgraoi 


Fw  SM. 


(Fig.  305).  The  potential  rises  from  0  to  £*  at  once; 
but  as  the  supply  of  charge  is  cut  olT,  it  falls  to  3  as  the 
wave  travels  to  h,  and  to  2  and  1  as  it  reaches  o  and  K 


So  that  at  every  ]x>int  on  the  conductor  there  is  a  rise  of 
potential  as  the  charge  approauLea  it»  and  a  fall  as  it 
recedes.  A  more  abrupt  wave  results  from  a  reversal  o! 
the  electrification,  such  as  is  produced  by  eouum^ting  the 
positive  and  negative  terminals  of  the  generator  to  the 
conductor  alternately.  In  application  of  these  principles 
it  is  evident  that  the  retardation  of  signaln  will  be  greater 
in  a  telegraph  cable  than  in  a  similar  air^ontluL-tt>r: 
since  the  cable  being  a  condenser  has  a  greater  elocUu 
static  capacity.  The  Atlantic  cable»  for  esample,  show* 
a  hundredth  part  of  the  maximum  potentiAl-valut)  at  the 
remote  end,  in  about  one  tiith  of  a  second ;  while  it  re- 
quires 108  seconds  to  attain  0*9  of  its  maximum,  aniJ 
would  require  an  infinite  time  to  attain  this  maximum  it- 
self.   The  signalH  in  such  a  cable  are  alternately  positiTe 
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dSbud  negative;  and  to  increase  their  sharpness  coDdensers 
-of  large  capacity  are  employed  at  each  of  its  ends. 


[ON  n. — TitANSFOBMATION  OF  EleCTKOKINETIO  EnEROY. 


A. — THERMAL  RELATIONS  OP  THE   CURRENT. 

(a)  Producii&n  of  Heat  from  the  Cnrrent. 

BIO.  Convvrsiou   of  Klectric   Curreut-eueriry   into 

[eat-oiter^. — Whenever  an  electric  current  traverses  a 

►nductov,  the  eutire  euergy  of  this  current    is  traus- 

irnied  into  some  other  kind  of  euergy.     This  may  be 

leat  and  light,  the  energy  of  chemical  separation  or  the 

lergy  of  mechauical   motion.      If  none  of  the  electric 

iuergy  be  expended  in  effecting  chemical  changes  or  in 

ievelopiug  mechanical  motion,  the  whole  of  it  must  evi- 

lently  appear   in   the   circuit  as   heat.     It   appears   to 

solely  through  the  agency  of  what  is  termed  resist- 

ice  in  the  circuit  that  this  transformation  is  effected; 

amount  of  heat  developed,  other  things  being  equal, 

sing  directly  proportiouul  to  the  resistance.     Erom  the 

iw  of  Joule  (*)1*5)  the  energy  expended  in  one  second  in 

circuit  of  reHistance   li  through  which  a  current  of 

itreiigth  /  is  flowing,  is  the  jjrnduot  of  the  resistance  by 

the  Hijuare  of  the  current-strength,  i.e.,  JV=I*Ji,     But 

rtiiK-e  the  work  in  absolute  units  or  ergs  corresponding  to 

one  unit  of  heat  (water-gram-degree)  is  4*2x  10\  or  J 

(335),  it  follows  that  n=W/J=  PR/ J  in  water-gram- 

degrres  per  second. 

020.  l>iHtrll>utiou  of  llcat  In  the  Circiiit.—More- 
over^  the  distribution  of  heat  in  the  various  parts  of  a 
circuit  is  projjortional  to  the  resistances  of  those  parts. 
If  //,  be  the  internal  resistance  and  JR,  the  external 
resistance,  PRi/J  and  PR^/J  will  be  the  heat-units 
<leveloped  in  the  two  portions.  And  so  if  R^  consist  of 
I  wo  parts  r  and  r, ,  in  series,  the  heat  produced  in  each 
will  be  Pr/Jnuii  /*r,/J.  If  r,  has  100  times  the  resist- 
ance of  r,  100  times  as  much  heat  will  be  developed  in 
it  for  a  given  value  of  /.     Evidently  in  these  cases  the 
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fall  of  pntentinl  is  proportional  to  the  resistances;  aat 

80  the  heat-euergy,  which  varies  as  EI  and  ther»  ^  ^ 
proportional,  fur  an  equal  curreut-streugth,  to  ii 
oi  potential,  is  also  proportional  to  the  redLitauceK. 

KxPEUtMesi^ — 1.  Jmu  eud  Lo  end  a  Dumber  of  pieots  of  irOi 
wire  of  different  diamett?ra  but  of  the  SAine   length,  .iiul 
current  through    them,   gmdunlly   increasing  ita  sirengib. 
BmallvBt  wire.  8ino«  its  resistance  is  greatest,  wUl  be  most  hetitc 

d.  Join  a  number  of  piews  of  wire  of  the  same  diameter  nl 
length  but  of  different  mnterinls,  such  as  iron  and  copper.  TW 
iron  oiny  i^  hpaled  to  bright  nHiness  by  a  suitable  current,  vtSr 
the  cop|wr,  owing  to  iU  less  specific  resistanco.  remainA  insiiil 

3.  P«6;4  through  a  long  and  fine  imn  wire  n  curreni  sufficn 
bring  it  to  dutl  rednesB,  und  then  Hhorton  tho  wire  pro; 
Tlie  current  increases  as  the  resistance  din)inishe«,  iiniil  fini 
wire  ia  melted. 

4.  Bring  the  wire  to  daU  rednesfi  as  in  tlie  lai^t  cxperiaieot.  id 
then  plunge  a  loop  of  it  into  melting  ice.  B3*  thu«  cooling  one  piv* 
Uon  its  resistance  is  lesserie<1.  the  current-strength  is  inercasul,  iui4 
the  un-imraen*od  portion  of  the  wire  becomes  iucHiidesirni. 

H21.  Efl'eoi  of  Teuiperatiirc*  on  RosUtance. — k^i\\* 
last  experiment  shows,  the  s])eoific  reHistance  of  con*' 
toi'H  is  a  fiiuetiou  of  the  temperature.     In  general 
reaiatauce  increases  as  the  temperature  rises.     XL;- 
the    case  with    tlie    metals.      But,  on   the    other   li^un, 
oertain  Kiilist^inces,  and  notabl3'  carbon,  tlimini^h  in  re- 
sistance wljen  heated.     The  same  fact  has  been  obaerrtd 
by  Weston,  in  a  special  alloy  of  ferro-manganese  awl 
copper.     Calling  R,  the  resistikuce  at  i°  and  /i',  thiit  at 
0°,  the  expression 


^,=  i?.(H-«<) 


[78)1 


gives  the  relation  between  these  resistaucea,  n  being 
the  coefficient  of  resistance-change  with  teiuperatn: 
or  in  brief  the  temperature-coefficient;  i.e.,  the  choi^i^r 
in  resistance  for  unit  length  of  a  coudnctor  wbeo 
heated  from  0**  to  1°.  The  equation  is  similar  to  that 
given  for  heat-expansion  and  the  coefficient  a  i*  ol'- 
taiued  by  its  transformation  thus  : 
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lie   variatiou  of  resistance  with  temperature  is  not 
!orni,  a  third  term  must  be  added  to  the  equation : 

I  coefficient  for  metalH  and  their  alloys    in  general 
K>sitiye,  though  it  i»  much  smaller  for  alloys  than 


190   a»    S30   an   so 

T[:MI>CJUTURa, 


Fio    308. 


the  simple  metals;  so  that  alloys  are  preferred  for 
btauce  coils.  ThuH,  for  example,  while  silver  has 
Unperature-ooefficient  of  0-00380,  coppor  of  000388, 
toinum  of  000390,  platinum  of  0002-17,  iron  of  0-00463, 
1  mercury  of  OOOOHH,  au  alloy  of  2  parts  of  gold  and 
ii  silver  Las  a  coefficieut  of  onJy  0000fi5,  an  alloy 
9  platinum   and   1  iridinm  a    coeilicient  of  0*00133, 

of  2  platinum  and  1  silver  a  coefficient  of  O'OOOtio, 
[  gerrasn-silver  a  coefficient  of  0-00040.     Platinoid,  a 
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german-silver  containing  one  or  two  per  cent  of  tong- 
sten,  has  a  temperature-coefficient  of  only  0*00022.  The 
table  (Fi^;.  306)  constructed  b}'  Benoit  shows  the<e  re- 
sults graphicallj.     In  it,  the  abscissas  represent  tem- 
peratures and  the  ordinates  the  speciiic  renistiincesof  tbe 
uietals  Hud  alIo3's  given,  expressed  in  microhms.    Iiigtsit- 
eralfthe  lines  for  alloys  are  struighter  and  their  slope  i» 
less  than  iu  those  for  the  pure  metals.     The  coefficieut  ol 
carbon,  ou  the  other  hand,  is  negative  and  varies  for  dif- 
ferent specimens  from  00004  to  O'0005,  so  that  the  r«- 
sistanoo  of  the  lilameut  of  au  lucaudescent  lamp  vbrn 
lighted    is   only  about   half  its   resistance  when  cold. 
Nichols  has  shown  that  the  resistance  of  the  ferro-num- 
ganese-copper  alloy  above  mentioned,  when  containing 
about  18   per  cent  of    ferro-mauganese,   is   practicail)' 
independent  of  temperature  ;  its  coefficient  being  po«i- 
tive  wheu  the  percentage  is  less  than  this  and  negaQve 
when  it  is  greater. 

As  the  temperature  decreases,  the  variation  in  tL« 
specific  resistance  of  the  pure  metals  with  temperatwe 
decreases  also,  the  temperature-coefficient  appearing  Ut 
reach  a  point  about  —  TiS'',  where  it  bas  the  same  value 
for  them  all  (Cailletet,  Wroblewski).  This  result  seem& 
to  confirm  Clausius*8  statement  that  the  apecific  resi^^l- 
auce  of  a  metallic  conductor  vanishes  at  the  absolnWi 
zero. 

622,  Rise  of  Teinpcrntiire  in  Cuncluctors. — \M]eu 
a  given  amount  of  heat  energy  is  expanded  npon  »  con- 
ductor, the  rise  of  temperature  produ  :ed  iu  it  is  a  fnnc-; 
tion  of  its  specific  heat,  of  its  mass,  and  of  its  radiatii 
surface.     Were  there  no  cooling  by  radiation,  the  tem- 
perature would   continue  to  rise  indefinitely.     In  faci 
it  does  continue  to  rise  until  the  loss  by  radiation  bi 
ances  the  heat   received  from  the   current.     The  hi 
produced  by  a  current  of  /amperes  iu  a  wire  of  resistant 
Ji  ohms  is  /'/?/«/^  water-grara-degrees  per  seoond  or 
/•  pl/TcrW,  since  J?  =  pl/jtr'  (005).      The   heat  lost  b] 
the  conductor  per   second   is    proportional  to  2*W,  it 
surface,  to  e,  the  heat  radiated  per  second  per  unit 
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rface  per  uuit  excess  of  temperature  above  tLe  air, 
id  to  2\  tliis  excess  of  temperature  ;  acceptiug  New- 
ton's law  of  cooling.  Whence  PfAJnr'^J=^nrl.^^  T\  and 
we  have  for  the  temperature  of  the  conductor : 


the 


T=  Pp/^TtW'eJ. 


[79] 


ence  tbe  rise  of  temperature  id  a  conductor  is  pro- 
portional directly  to  /',  the  square  of  the  current- 
strength,  and  to  /?,  the  specific  resistance  ;  and  inversely 
to  the  cube  of  the  radius,  r,  and  to  e,  the  emissive  power. 
If  yyr'  be  constant,  i.e.,  if  the  radius  of  the  conductor 
varies  as  the  square  root  of  the  cube  of  the  eurreut- 
strength,  the  rise  of  temperature  in  the  conductor  will 
also  be  constant.  In  practice,  a  copper  wire  should 
not  be  made  to  carry  more  than  6  amperes  per  mil- 
limeter of  cross-section  if  it  is  naked,  or  from  2  to  3 
amperes  if  it  is  covered. 

As  to  the  value  of  e,  or  the  amount  of  radiation,  ex< 
periment  has  shown  that  the  loss  from  an  unpolished 
copper  surface  per  second  is  about  0*00025  of  one 
water-gram-degree  per  square  centimeter  of  surface  per 
degree  excess  of  temperature  above  the  surrounding 
medium.  Hence  for  every  watt  which  it  is  required  to 
dissipate,  the  conductor  should  have  a  surface  of  from 
0'15  to  0'20  square  centimeter. 

Example. — Roqnirefl  titn  limiting  temperature  of  a  copper  wire 
0105  contiraet<;r  in  diameter,  through  which  a  current  of  10 
Amperes  is  flowing.  Substituting  in  the  above  temperataro-formula 
the  correepoudiog  values,  >j  for  copper  being  1-65  microhms, 


r= 


I'xl  05x10' 


a X (8-14)'  X (083)" X  00026 x 4 -2 X 10' 


isor, 


Hence  the  temperature  of  the  wire  would  rise  until  it  reached  1801' 
above  that  of  the  surromtding  air,  wiieti  it  would  remain  constant. 

02;^.  Temperature  of  FukIoii. — It  is  often  desirable 
to  calculate  the  current-strength  ret(iiired  to  bring  & 
conductor  of  given  dimensions  and  nintenal  to  the  fus- 
ing  point    For  this  purpose  it  is   necessary  only   to 


tl8  pnrsics. 

Bub8titat6  the  valne  of  this  fusing   point  for  Tin  the 
above  equation. 

Example.— Hequired  the  diameter  of  u  lead  wire  whicb  vill  Ik 
just  fofied  by  a  current  of  72  nmpcrcfi.  Since  for  Ica*^  r=  WS' 
ftod  ft  =  19'85  microhms,  we  hare 

y    2  X  (814)»  X  00025  X  4-2  X 10' X  885  ~  "'^®  ^^ 

And  therefore  tbe  diameter  ia  0*068  x  2  or  0*106  centimeter. 

If  it  be  the  total  radiation  in  watts  per  square  ceati- 
ineter,  the  total  heat-loss  from  a  wire  of  diameter  d  and 
length  /  ^vill  be  ndlK  wattfl.  So  that  if  the  cnrrent- 
strength  be  /  amperes  and  the  resistance  ^  ohms,  the 
number  of  watts  produced  will  he  J* R  or  I \'ifi/wd^\ 
since  7?  =  p//«  and  «  =  J  rrd^.  If  the  watts  radiated 
equal  the  watts  produced,  the  temperature  is  coii»taBl 
and  TtdlK  =  J\4:pL/nd^) ;  whence  /'  =  <f(jr«^/4/3)  and  /  = 
*/l  Vn^K/ip,  Calling  a  the  constant  qnantitv  under  the 
nulical  nign,  /=  ad^  or  d  =  (//«)'.  Since  k  Lh  the  radia- 
tion 2>er  square  centimeter  in  joules  per  second  or  wiittft, 
and  since  €  is  the  water-gram-degrees  or  heat-units 
radiated  per  square  centimeter  per  second  for  unit  ilif- 
ferenoe  of  temperature,  the  heat-units  radiated  for  T 
difference  of  temperature  per  second  will  l»e  TV.  More- 
over, since  one  water-gi-am-degree  is  equal  to  4*2  joules 
or  J,  Te  water-gram -degrees  per  second  will  be  equal 
t<T  Tct/ joules  per  second.  Whence  TeJ=  k.  If  in  the 
equation  /=  mU,  d  be  made  equal  to  unity,  1=  a;  or 
a  represents  the  current  in  amperes  required  to  fuse  & 
wire  one  centimeter  in  diameter.  Preece  has  calculated 
the  vnlueH  of  u  from  this  formula  for  several  metals  and 
allojs  with  the  results  given  in  the  following  table : 

FUSING  CURRENT  IN   AMPERES. 

SubstaDOB.  For  f/  =  1  cm.  For  d  =  1  mm. 

Copper 2530-0  80-0 

Aluminum 1873*0  59-2 

Platinum 1277-0  40-4 
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Substuuce.  For  d  —  \  cm. 

ijermau-silver 1292*0 

Platinoid 1173-0 

Iron 7764 

Tin 405-5 

Lead 340-6 

Alloy  2  lead  and  1  tin.  325-5 


For  d  —  1  mm. 
40-8 
371 
24-1 
12-8 
10-8 
10-3 


eBe  valueB  liave  great  practical  importance  in  electric 

hting    since    it   is   found    necessary   to   iutei-pose   a 

jhle  conductor  termed  a  •*  cut-out  "  somewhere  in  the 

cuit,  of  such  dimensiouH  that  if  subjected  to  a  current 

ng  enough  to  endauger  the  safety  of  the  lamps  or 

her  devices  on  that  circuit,  the   conductor  will  melt 

d  thereby  open  the  circuit.     In  using  the  above  fig- 

8  for  this  purpose,  it  should   be  remembered  that  if 

e  fusible  atrip  be  a  short  one,  the  loss  of  heat  by  con- 

ctiou  to  the  clamps   at   its  ends   becomes  material. 

lus  while  a  current  of  11  amperes  will  fuse  a  lead  wire 

1  millimeter  diameter  if  it  is  ten  centimeters  long,  it 

11  require  a  current  of  nearly  18  amperes  if  it  is  only 

e  quarter  as  long. 

6124.  Tlifrmic  Mon(«uriiiK-i"Htrunii*ntH. — Inasrauch 

the  total  heat  develo]>e(l  in  a  circuit  is  proportional 

the  square  of  the  current-sfr^^ngth,  it  is  evident  that 

lift  total   heat  may  be  nsed  to  measure  the   cnrrent- 

trength.     This  is   called   the   calorimetrical  method   of 

measuring  currents.     From   Jiiulf's   ecjuation  //  =  IV/J 

^VliijJ.  we   have  r-JU/m.      A   coil  of  wire  of 

Ecown  resistance,  say  U  ohms,  is  placed  in  a  known  mass, 

%  grams,  of  a  liquid  of  specific  heat  tr,  at  the  tempera- 

lire  7*°.    The  current  is  allowed  to  flow  through  the 

rire  for  t  seconds  and  the    temperature   T^  is   again 

loted.     The  number  of  heat-units  (water-gram-degrees) 

|eveloj>ed  by  the  current,  or  //,  is  equal  to  m{T^~T)a; 

Lnd  hence  /'  =  {Jm{T,—  T)a/Ri),     Since  this  method 

|et<»rmines  /'  it  may  be  used  either  for  direct  or  alter- 

ating  currents.     CoiTections  should  be  made  for  the 

aterials  of  the  calorimeter,  for  the  change  in  the  resist- 
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ance  of  the  wire  and  tbe  change  in  the  specific  he&t  ul 

the  liqaitl  with  temperature. 

6:25.  Exi»auslon-uieters. — The  expansion  of  a  co&. 
ducting  wire  by  the  heat  produced  in  it  by  the  cnrpe.iit 
has  also  beeu  utilized  for  meaBuring  cnrrente  ;  and  smoe 
when  R  is  constaut,  as  it  is  when  the  meter  is  in  sbtini 
circuit  with  the  main  couductor,  E  is  proportional  to  /, 
such  meters  are  used  for  measuring  differences  of  poteD- 
tential  also.  In  the  Cardew  voltmeter,  for  example,  the 
current  traverses  a  long  wire  of  platinum-silTer,  encUwed 
in  a  brass  tube  for  protection  ;  and  the  expansion  of  this 
wire  by  the  heat  developed,  suitably  amplified,  h  n- 
corded  by  an  index  moving  over  a  graduated  dial,  em- 
pirically  gniduated.  Ayrton  and  Perrj-  have  modi£ed 
this  voltmeter  and  rendered  it  more  sensitive  ;  so  tLitil 
indicates  differences  of  3  or  4  volts.  Geyer  has  devised 
a  registering  amjwremeter,  consisting  of  a  curved  strip 
of  germau-silver  and  of  an  insulated  wire  which  isfimt- 
eued  at  one  end  to  the  strip  and  fixed  at  the  other,  like 
the  string  of  a  bow.  When  a  current  traverseB  tbe 
system,  the  wire  is  heated  more  than  the  strip,  and  br 
its  greater  expansion  allows  the  strip  to  straighten  aiid 
so,  by  means  of  a  pencil  at  the  junction,  to  trace  a  cima 
upon  a  moving  paper.  As  in  the  former  case,  all  tliesp 
instruments  indicate  directly  the  value  of  /* ;  and  since 
this  quantity  is  always  jmsitive  whatever  the  sign  of/, 
they  may  be  used  either  for  direct  or  for  altematiui: 
currents: 

626.  Production  of  IJgrlit  1»>  the  Current.— Wlu^- 
ever  botlies  are  sufficiently  heated  they  become  luminous. 
The  temperature  at  which  substances  emit  light  depemk 
upon  tlie  character  of  the  substance  heated.  Draper 
gives  525°  and  Weber  370°  as  the  lowest  temperature  at 
which  bodies  become  luminous.  The  increase  of  li^'lit 
with  temperature  is  very  rapid,  a  platinum  wire  heated 
by  the  current  giving  thirty-six  times  as  much  light  at 
ISOO**  as  at  1000=^  (Draper)/  Indeed  the  experiments  oi 
Violle  show  that  if  at  800°  a  i)latinum  surface  emits  a 
light  of  0108,  at  1000^  the  Ughi  is  182,  at  1200^  it 
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17-8.  at  1400*,  100,  at  1G00^  327,  and  at  1775",  587.  So 
that  the  light  emitted  increases  much  more  rapidly  tliau 
the  heat  developed,  being  approximately  proportional  to 
tliB  Bqiiare  of  this  lieat.  But  iuasmueh  iis  the  heat 
developed,  in  a  lamp  for  example,  is  pro]>ortional  to  the 
square  of  the  current-strength,  it  follows  that  the  increase 
«»f  light  is  proportional  to  tlie  fourth  power  of  the  cur- 
rent-strength. In  other  words,  b^^  doubling  the  cnrreut 
Hnpplied  to  a  lamp  it  would  emit  sixteen  times  as  much 
lij;ht.  Since  such  a  lamp  supplied  with  current  will  rise 
iu  temperature  until  the  heat  produced  and  that  radiated 
are  pqual,  we  have  Stefan's  law  of  radiation  as  follows  : 

The  quantity  of  heat  lost  by  radiation  is  ])ropor- 
tionul  to  the  fourth  power  of  the  absolute  tem- 
perature. 

<liJ7.  Electric  Lighting'.— Two  general  methods  are 
iu  use  for  producing  light  by  the  action  of  an  electric 
current  The  older  of  these — first  employed  by  Davy  iu 
1809 — is  known  as  the  arc  light,  and  is  produced  by 
l)riugiug  the  carbon  terminals  of  a  sufficiently  powerful 
j»euerntor  into  contact  and  then  separating  them.  The 
current  continues  to  flow  across  the  intervening  gap» 
developing,  in  consequence  of  the  great  resistance  there, 
a  most  intense  heat  which  raises  these  terminals  to  vivid 
wcaDdescence.  If  the  carbons  be  horizontal,  the  upward 
current  of  air  causes  the  luniiuous  stream  to  assume  an 
arched  form  ;  whence  the  name  *'  electric  arc," 

In  the  second  and  more  recent  method,  known  as  the 
incandescence  light,  the  current  is  caused  to  traverse  a 
contiuunus  conductor  of  small  section  and  of  high  re- 
sistance ;  the  heat  developed  in  this  conductor  being 
sufficient  to  raise  it  to  a  light-giving  temperature. 

i\*^H,  The  Klectric  Arc. — An  examination  of  the  ends 
of  the  carbons  producing  the  arc  light  shows  that  the 
light  is  emitted  from  the  solid  carbons  themselves,  w^liich 
are  iu  a  condition  of  vivid  incandescence ;  the  space 
between  them  being  filled  with  ignited  carbon  vapor  giv- 
ing a  bluish-purple  light  and  having  only  a  feeble  radiat- 
ing power.     According  to  Rosetti's   measurements,  the 
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positivo  terniiual  is  the  hotter,  its  tomperature  h 
about  3900"  ;  while  that  of  the  negative  termina]  is  onlj 
8150''.  He  gives  for  the  value  of  the  arc  itself  between 
the  temiiuals,  -1800°.  With  a  direct  current  it  is  observed 
that  the  positive  carbon,  which  is  the  brighter,  is  hol- 
lowed out  iu  the  form  of  a  crater,  while  the  ue>^tiTe 
carbou  is  poiuted.  If  the  experiment  be  made  in  %*aciio, 
so  that  combustion  is  avoided,  a  transport  of  particles  in 
observed  to  take  place  between  the  electrodes,  passing 
from  the  ^K>sitive  to  the  negative  carbon,  and  building 
the  latter  up  at  the  expense  of  the  former.  Hence  the 
positive  carbon  is  consumed  much  more  rapidly  than  the 
negative  one  and  the  position  of  the  arc  is  coutiuually 
changing. 

To  maintain  an  arc  light  requires  a  potentijil-differ- 
ence  between  tlie  carbons  of  about  50  volts ;  of  wliich 
volts  measures  the  opposing  or  counter-electrom 
force  of  the  are  itself  and  20  volts  is  the  fall  dne  to 
resistance,  wliich  is  variable  with  its  length.  For  a 
light  of  1000  caudles  the  rate  of  work  or  actinty  IT/b 
50  X  15  or  750  watts ;  about  thrce-fonrths  of  a  kilowatt 

WJiiK  Arc  I^iiiips. — An  electric  arc  lamp  is  a  deneft 
for  holding  the  carbons  of  an  arc  light  and  for  main 
iiig  the  light  constant  by  means  of  suitable  median; 
The  latter  functjim  it  is  which  has  given  the 
regulator  to  such  lamps.  Two  distinct  operations  murf 
bp  peiformed  by  a  regulator:  first,  it  must  separate  ths 
carbons  to  produce  the  light;  and  second,  it  must  feed 
tliese  carbons  forward  as  fast  as  they  are  consumed,  .so 
an  to  preserve  the  light  from  extinction  and  to  keep 
lengtJi  of  the  arc  constant  Moreover,  the  lamp  mu 
capable  of  operating  independently,  so  as  tf»  l>e  nsi 
ft  circuit  with  other  lamps  without  being  aflfectei 
their  variations.  In  case  the  lamp  is  to  be  used  iu 
focus  of  a  mirror  or  of  a  lens,  as  iu  lighthouse  illuii 
tion, — in  which  case  it  is  known  as  a  focusing  lam 
it  is  required  to  perform  still  a  third  function  ;  Le, 
must  feed  the  carbons  forward  iu  the  exact  propo 
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in  wliich  tbej  are  cousumed,  so  as  to  preserve  the  arc 
const-Lut  iu  its  positiou. 

lu  coiamercial  arc-lighting  the  lamps  are  ordinarily 
arranged  in  series  ;  so  that  if  50  volts  be  tlie  difference 
of  potential  required  to  uiaiutaiii  each  one  of  them, 
60  such  lamps  M'ill  require  a  poteutial-dlfferonce  at 
the  generator-termiuals  of  3000  volts.  In  this  S3'8tem, 
called  the  aeries  system  of  lighting,  the  potential-differ- 
ence is  high  and  is  variable  with  the  number  of  lamps ; 
while  the  current-strength  is  low — about  9  or  10  am- 
peres— and  is  maiiitaiiifL'd  constant  One  of  the  most 
extensively  used  series  lamps  is  the  Brush  lamp,  in 
which  a  ring-clutch,  surrounding  the  upper  carbon- 
holder  and  controlled  by  an  electromagnet  in  circuit 
with  the  carbons,  lifts  this  holder  as  soon  as  the  current 
passes,  and  thus  separates  the  carbona  to  produce  the 
light.  Moreover,  this  magnet  is  antagonized  by  a  sec- 
ond one  iu  shunt  circuit  with  it,  for  the  pur])oses  of 
regulation ;  since  whenever  the  arc  becomes  too  long 
and  is  iu  danger  of  extinction,  the  increased  resistance 
thus  developed  throws  more  current  into  the  antag(»niz- 
lug  shunt  magnet,  enabling  it  to  overcome  the  main 
magnet  aiul  so  to  allow  the  carbons  to  feed  togetlier. 
Since  the  result  is  due  to  the  differential  action  of  two 
magnets,  one  situated  in  the  main  and  the  other  iu  a 
shunt  circuit,  such  lamps  are  generally  known  as  differ- 
ential lamps. 

One  of  the  best  focusing  lamps  in  use  is  the  lamp 
invented  by  Serrin  (1850).  The  upper  carbon  is  sup- 
ported above  the  lower  one  by  a  holder  bout  thrice  at 
right  angles;  this  holder  by  its  weight  operating  a 
clockwork  by  means  of  a  rack  cut  on  its  side.  The 
lower  carbon-holder  is  parallel  with  the  first,  and  is 
raised  by  a  chain  operated  by  the  clockwork,  so  that  as 
the  upper  carbon  descends  the  lower  one  rises  to  meet 
it,  the  gearing  being  so  constructed  that  the  lower  or 
negative  carbon  rises  one  half  as  rapidly  as  the  upper 
one  falls ;  this  being  assumed  as  the  ratio  of  consump- 
tion.    An   electromagnet   in  the    main   circuit   acts   on 
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jfii  ariuature  attached  to  an  articulated  parallelogram 
CHrryiIl^  the  clockwork,  so  us  to  depress  the  1 
carbon-bolder  which  is  attached  to  it,  uud  at  the  - 
time  to  bring  a  detent  into  pluy  to  stop  the  motion  of 
this  clockwork.  When  not  in  use  the  carboiift  art-  in 
contact.  On  parsing  the  current,  the  elf^ctrumimiift 
draws  down  its  armature  with  the  attached  paraU^lo- 
gram  ;  thus  eBtablishing  the  arc  at  the  carbon  termiiuU 
and  locking  the  clockwork.  As  the  carbons  bum  awav, 
the  resiHtance  of  the  arc  increases  ;  and  the  mafnift 
loHiug  its  power,  the  antagonizing  springs  raise  tbe 
parfillclograni,  releasing  the  clockwork  and  allowiiig 
the  upper  carbon  to  feed  downward  and  the  lower  one 
upward  in  the  ratio  determineil,  of  two  tu  une.  Lontio 
(1877)  modified  the  lamp  by  putting  the  magnet  in  • 
shunt  circuit  and  reversing  its  position.  The  carbnas 
boing  separated  when  the  lamp  is  not  in  action,  the 
passage  of  the  current  afiects  the  magnet  otdy.  lU 
uruiaturo  is  raised,  the  clockwork  is  released,  and  the 
carl>ous  feed  together.  As  soon  as  thev  touch,  the 
shunt  magnet  loses  its  power  and  the  parallelogruin 
falls,  carrying  with  it  the  lower  carbon  and  establi^hin;; 
the  arc  ;  the  shunt  magnet  regaining  its  power  when  tLe 
arc  attains  a  length  greater  than  that  for  which  it  is  ad- 
justed. The  regulation  is  more  perfect  with  tliis  device 
than  with  that  of  ^errin. 

«:J0,  Iiicandosceiiec  Lamps, — The  first  successful  in* 
candescence  lamp  was  made  by  Edison  in  1871^.  Pre- 
vious ex]>erinieuters  had  used  continuous  conductors  of 
phitinum  and  even  carbon  for  this  purpose.  But  Edison 
was  the  first  to  perceive  clearly  the  conditions  to  be  fnl 
filled  in  order  to  ensure  succeKS,  notoulv  asconcema 
lamp  itsolf,  but  also  with  regard  to  its  economy  w 
used  upon  a  circuit.  The  incandescence  lamp  of  Edinoo 
is  shown  in  the  figure  (Pig.  307).  The  light-giving 
portion  is  a  thread  or  filament  of  carbon,  made  by 
cutting  a  8tri]>  of  bamboo  to  the  proper  dimensions  and 
then  carbonizing  it  at  a  very  high  temperature.  Thi« 
filament  is  then  attached  to  conducting  wires — wW 
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,re  of  platinum  where  thej  pass  through  the  glass — and 
IB  enclosed  iii  a  pear-shaped  globe  of  glasH,  which  is 
then  exhausted  to  a  high  degree.  The  re- 
•aistance  of  the  tilameut  wheu  hot  is»  for  the 
10-caudIe  himp  designed  to  be  used  ou  a 
110-volt  circuit,  about  2-40  ohms;  so  that 
the  current  required  to  maintain  the  light 
is  about  0-40  of  an  ampere.  Consequently 
the  numVier  of  watts  expended  in  thu  lamp 
is  60*6,  and  the  efficiency  of  the  lamp  or 
the  number  of  watts  expended  per  caudle 
is  about  3'1,  Inasmuch  as  the  light  emitted 
by  an  incandescence  lamp  iucreasea  so  much 
more  rapidly  than  the  energy  expended  upon 
it,  the  economy  is  the  gi'eater  the  higher  the 
temperature  and  the  larger  the  number  of 
wattH  expendetL  But  this  high  temperature  deteriorates 
the  filament  and  shortens  its  time  of  sernce.  So  that 
efficiency  must  be  sacrificed  to  some  extent  to  durability. 
And  the  economy  is  a  maximum  wheu  the  cost  of  the  in- 
crease inefficiency  and  that  of  the  decrease  in  durability 
exactly  balance  each  other. 

In  incandescence  lighting  the  lamps  are  arranged  geu- 
orally  in  multiple  upon  the  distributing  circuits,  the 
generator  being  of  a  kiu<l  suited  to  maintain  a  constant 
^lillerence  of  potential  between  the  two  main  conductors ; 
this  difference  being  that  required  by  each  single  lamp, 
i.e.,  110  volts  in  the  Edison  system.  In  comparison  with 
the  arc  system  in  series,  it  is  a  very  low  pressure  system, 
.and  therefore  cannot  give  a  dangerous  shock  when  the 
wires  are  handled.  The  large  volume  of  current  required 
to  feed  so  many  lamps  in  multiple,  necessitates  the  use  of 
large  mains ;  and  this  has  led  to  the  devising  of  extremely 
ingenious  systems  of  distribution,  one  of  the  best  of 
which  is  the  three-wii'e  system  of  Edison.  In  this  system 
two  generators  are  connected  as  in  series,  two  mains  lead 
from  the  extreme  terminals,  and  a  third  main  from  the 
jnnction  between  the  two  generators.  The  lami)B  are 
placed  between  one  of  the  two  outer  mains  and  the  thinl 
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or  middle  ose.     Wbeu  the  same  uamber  of  Uuip«  ii 
activi'  on  the  two  sides,  the  effect  is  the  same  a^ 
lamps  of  each  pjiii  lire  iu  series ;  and  since*  tluB  dt^  .  . 
reHistance  is  met  by  the  doubled  poteutial  difference  of 
the  two  generatorH,  the  current  through   e«ch  lamp  » 
tho  saints,  and  they  opernte  nonnally.     Because  the  f»aiLf 
current  Ih  now  supplied  at  double  the  potential  difference^ 
it  becomes  possible   to   halve   the    miss-sectifin  of  iLt 
maiuM,  i.t\,  to  make  them   of  one  fourth   the  diameter. 
In  phice  of  two  conductors  of  unit  diameter,  therefore, 
there  ari>  in  the  three-wire  system  three  mains,  •      '     ' 
one  fourth  this  diameter ;  or  the  ratio  of  ma^>v 
conductors  ih  2  :  }  or  1  :  | ;  a  saving  of  five  eighths  io 
the  cost  of  the  mains.     If  lamps  are  extiuguishod  ■ 
Bide,  current  flows  along  the  third  main  to  suji 
excess  required ;  and  bo  each  lamp  is  independent  of  ill 
the  rest. 


{b)  Production  of  Cttrrtnt.  froni  Heat. 


.v«ni| 


«;*!.  Tliermo-<*lectr(fScattoii. — While  the  con^ 

of  electrical  energy  into  heat  is  easy  and  complete,  it? 
conversion  of  heat  into  electrical  energy  is  difficult  and 
incomplete ;  the  conditions  being  analogous  to  tlicwi 
controlling  the   relations  of  heat  io  mechanical  ■ 

In  1H21  Heebeck  observed  that,  when  one  of  the  jiu. 

of  a  circuit  of  two  metals  is  heated,  the  potential-differ- 
ence between  tliese  mettils  is  increased  nt  this  h^axA 
junction  ;  so  tliat  on  closing  the  circuit  a  current  mavlw 
obtained  through  ii  This  potential  differeuco  thus  de- 
veloped between  two  metals,  is  a  function  not  onlv  of 
the  temperatures  at  the  juuctions,  but  also  of  the  sub- 
stances emplo3'ed.  It  depends  also  upon  the  me^n 
temperature  of  the  juuctions  as  well  as  upon  the  differ- 
ence of  temperature  wliich  exists  between  thrm.  Tlit* 
potential-difference  in  a  circuit  of  two  metals  at  the  mean 
temperature  t°,  when  (me  junction  is  kept  half  a  -i 
above  f^  and  the  other  half  w  degree  beh^w*  it,  is  . 
the  theTmo-electric  power  **l  these  metals.     The  (olluwmg 
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table  given  approximately  the  thermo-electric  powers  for 
certain  metuis,  the  mean  temperature  being  *20°.  The 
potential-differences  are  given  in  microvolts  per  degree, 
and  are  referred  to  that  of  lea<l  taken  as  zero  (Jeukin) : 


THERMOELECTRIC   I'OTEN'I'IAL  DIFKEUENCE. 


Bisronth -f- 970 

Cobalt    +22-0 

Geriuiin  silver...  -[-11'75 

Mercurj' +    0-418 

Lead 0 


Platinum  . , .   . 
Copper  (pure). 

Antimony. . .. 
Iron 


.  -     0-9 

.  -     '6'% 

,  -     60 

.  -  17-5 

Tellurium -502*0 


Examples.— Thus,  p-Traiin-silver  in  tliis  tablu  is  positive  with  re- 
gard lolondniid  iron  isnegiitive.  Ilenow  llu*  curn-tit  \\\\\  flow  through 
th*?  briitr<l  junction  frotn  thn  gfrnian-silvcr  to  the  iron  ;  ami  if  the 
diffurvnce  of  teiup«nituru  lM?lwt'«u  tlie  junctions  be  lt)%  the  poten- 
linl-difTi^rpnce  between  tiiein,  luring  the  prfxluct  of  the  thenuo-eleo- 
Iric  power  by  this  teinperaturedifTerunoe,  will  be  2925  micro  vol  lii. 
The  circuit  being  entirely  metallic,  its  resistance  is.low  ;  and  there- 
fore the  current-strength  in  a  iherrao-electric  circuit  is  quite  con- 
si  d  em  ble. 

033.  ThcriHo-oleclrIc  Generatomt. — A  thermo-elec- 
tric generator  is  siinj)ly  a  transformer  r)f  heat-finerf»y 
Uit4>  electric  energy ;  and  consequently  is  subject  to- 
Carnot^B  law  of  efficiency.  Eveu  under  the  best  con- 
ditions available  in  practice,  how^ever,  the  efficiency  of 
tliis  couverairm  is  much  less  than  the  conversion  into 
mechanical  energy ;  since  liayleigh  has  siiowu  that  an 
iron-german-silver  couple  will  transform  int<>  electric 
energy'  ouU'  one  tliree-hundredth  part  of  the  heat  that  a 
perfect  heat-engine,  working  between  the  same  temper- 
ature-limits, will  transform  into  mechanical  energy. 
While  this  yield  may  and  no  doubt  will  l>e  increased  in 
tbe  future,  there  seema  no  reason  to  believe  that  a 
thermo-couple  will  recover  more  heat  in  useful  forms 
than  does  the  stenm-eugiiie. 

The   earlier   thermo-generators    employed    bismuth 

and  antimony  as  the  metals.     The  thermo-niultiplier  of 

Nobili  and  Melloui  (1834),  whiclt  was  used,  as  we  have 

(iilreiulv  seen  (36-1),  for  the  detection  of  heat,  was  thus 
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con.strnoted.  Marcus  (1865),  auil  subftequeutly  Fanner, 
HBed  gerinau-silver  iu  combinatiou  witlj  a.u  alloy  nf  hhU- 
vaowy  and  ziuc.  Becquerel  (lb66i  eoiployed  artificial 
cnpper  sulphide  as  the  puKitive  element  of  the  conplr; 
tindiug  that  the  potential  diflferouce  between  it  and  ger- 
luan-bilver  in  ten  times  that  between  bismuth  and  clip- 
per. The  thermo-geuerators  iu  actual  use  at  present 
are  those  of  Noe  and  of  Clamoud.  Both  use  a  ziuc-anti- 
uiony  alloy  for  the  positive  metal  ;  but  in  the  N** 
generator  the  negative  metal  is  geriuan-silver,  while  in 
the  Clamoud  it  is  iron.  The  allov  in  the  Ntw  geuenUor 
is  raat  in  the  form  of  cylinders  about  8  mm.  in  <liam& 
ter  and  22  mm.  long,  a  (Fig.  SOtJ),  the  germ&u-silver  wire 
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being  attached  in  the  process  of  casting.  A  copper  rod  r 
oast  in  one  end  serves  to  conduct  the  heat  to  the  janctioa. 
The  con]>les  are  placed  horizontally  and  arranged  radi- 
ally, their  copper  rcnls  being  iu  the  center.  By  ueAza 
<»f  a  gas  or  alcuhol  dame  the  inner  ends  of  these  copper 
r<»d8  are  heatetl  ;  and  by  means  of  an  opeu  cylinder  <'f 
thin  metjvl  soldered  to  the  outer  end  of  the  cylinder,  the 
outer  ends  of  the  couples  are  kept  cool  by  radifttiou. 
Each  gerniau-silver  ^vire  is  scddered  to  the  outer  end  nf 
the  next  eouplo  in  order.  The  potential  diiferenoe  of 
€ach  couple  under  working  conditions  is  about  01  volt. 
and  the  internal  resistance  0'025  ohm.  In  the  Claninml 
generator,  the  alloy  is  cast  in  flat  spindle-shaped  plates  By 
as  shown  in  the  figure  (Fig.  309),  the  iron  strips  L  beJDf; 
c>ast  into  the  ends.  These  couples  are  then  combineil 
i]»to  a  flat  ring,  the  outer  end  of  one  couple  being  sol- 
dered to  the  inner  terminal  of  the  succeeding  one.  These 
ringa  ttre  i^V&.e^d  oi\e   above  the  other,  separated  by 
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liugs  of  asbestos  paper,  and  are  connected  togetlier 
either  in  series  or  in  multi2>le,  as  maj  be  desired.  In 
Uie  cylindrical  space  enclosed 
by  them  Ls  a  gas-burner,  Z>, 
made  of  an  earthenware  tube, 
pierced  with  iioles.  Air  and 
gEJi  enter  at  the  bottom,  and  ** 
the  damen  in  the  annular 
space  between  the  tube  and 
the  couples  heat  the  inner 
ends  of  these  couples,  while 
their  outer  ends  are  cooled  by 
radiation.  A  generator  con- 
sisting of  120  couples  ar- 
ranged in  series,  and  thus 
heated,  gave  a  potential  dif- 
ference of  8  volts,  and  had 
an  internal  resistance  of  3*2 
oh  ms.  Combined  with  an 
external  circuit  of  equal  re- 
sistance, electric  energy  was  produced  at  the  rate  of 
5  watts ;  tlie  quantity  of  gas  consumed  being  180  cubic 
decimeters  per  hour.  If  we  assume  tliat  one  cubic  de- 
cimeter of  gas  gives  in  biirniug  520<)  water-gram-degrees, 
this  expenditure  of  gas  produces  260  water-gram-degrees 
per  Rocond,  which  is  equivalent  to  1084  watts.  Hence 
the  efficiency,  or  the  ratio  of  the  energy  produced  to  the 
energ>^  supplied,  is  as  5  :  1084  or  less  than  jjj,.  To 
produce  a  kilowatt-hour  would  require,  at  the  above 
rate,  the  consumption  of  36  cubic  meters  of  gas  ;  costing, 
at  six  cents  a  cubic  meter,  the  sum  of  about  i2.16. 
Since  the  production  of  a  kilowatt-hour  by  a  steam- 
engine  costs  onl\'  about  five  or  six  cents  at  the  most,  the 
commercial  use  of  existing  thprniD-generators  as  a  source 
of  electrical  energy  is  practically  prohibited. 

033.  Pyromng-uetic  Generator. — £dison  has  made 
use  of  the  fact  that  iron  ceases  to  be  magnetic  at  about 
770*  and  nickel  at  340°,  for  the  purpose  of  effecting  the 
conversion   of    heat-energy  into   electric  energy.    His 
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pjrorangnetic  generator  consists  iu  principle  of  &  tiun 

iron  tube  placed  in  a  strong  maguetic  field  and  stu- 
rounded  hy  a  coil  of  wire.  Under  ordinary  conditions 
this  tube  is  of  course  magnetized.  But  on  directin)^ 
through  it  a  hot  bhist  and  heating  it  to  770"^,  it  lose*  lU 
niagnotisni.  Tliis  decrciuie  of  uiuguetisni  by  heabng 
the  tube  and  the  increase  of  ma^^uetisni  by  cooling  it 
produces  an  electric  current  in  the  coil,  the  enrrf^  of 
which  has  the  heat  for  its  source.  By  arrjiuging  a 
series  of  such  tubes  in  a  circle,  by  providinfi^  a  rotatiDg 
screen  to  admit  the  hot  blast  into  them  in  siicceasirjn, 
and  by  suitably  connecting  the  coils  so  as  to  assist  eiicL 
other,  a  continuous  current  may  be  obtained  from  the 
generator.  A  similar  principle  may  obviously  l>e  ntilizwl 
in  the  construction  of  a  motor.  This  ingenious  dence* 
however,  is  evidently  subject  to  the  second  law  of  thenoo- 
<lynamics,  the  experimental  results  thus  far  obtaitinl 
with  it  not  showiu^^  any  gain  in  ettiuiency  nvpr  a  therioo. 
electric  generator. 

0:{4.  Phouonienon  ol' Inverttion. — Vulta's  lawof  con- 
tact (G50)  t^^aches  iis  that  no  current  flows  through* 
circuit  of  dissimilar  metjils  when  their  junctions  are  all 
at  the  same  terapemture.  Whence  it  follows  that  ll* 
algebraic  sum  of  the  potential-differences  developed  iil 
these  junctions  is  zero.  Heel^eck's  discovery  that  » 
current  does  flow  in  auf.h  a  circuit  when  one  of  the  jntic- 
tions  diflers  in  temperature  from  the  others,  proves  tlml 
the  potential-difference  of  contact  is  a  function  of  the 
temperature,  so  tliat  now  the  algebraic  sum  of  these 
differences  is  no  longer  equal  to  zero.  Experiment  sho^-s 
that  iu  general  this  ])otential-diffcroncc  is  directlv  pro- 
portional to  the  temperature  ;  so  that  if  for  a  given  pair 
of  metals  e  represents  the  potential  diiFerence  at  /,,*-)-f 
will  represent  this  difference  at  f„ -|- 1.  ^ -f- 2e  at  ^, -f*  2, 
etc.,  e  representing  the  increase  of  poteutial^ifference  for 
one  degree. 

Example.— Thus  nt  18"  the  contact  pntcntial-difrcrence  belw««Q 
iron  and  copper  is  146000  microvolts,  the  iron  being  posiiive  In  th* 
copper.     Prom  W  VvwVtV,  ft.\w.N(i  ?i.veu,  the  ihermo-Plectric  |»owero? 
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cbese  metals  at  Ibis  temperatiirc,  i.e.,  the  potential-difference  for  a 
tempcratiire-difforeiice  of  une  degree,  is  —  13*7  microvolts.  So  that 
«t  19"  ihe  poteDtiai-difference  iM'tweea  iron  and  copper  will  be 
146000  —  18-7  microvolts,  at  20*  146(100  —  374  miorovolu,  etc. 

From  this  it  follows  that  if  a  closed  circuit  be  formed 
of  an  iron  wire  uud  u  copper  wire,  uuJ  if  oue  of  the 
junctioDft  be  maintained  at  SO""  and  the  other  at  19**,  the 
poteutiul-dilierence  at  the  former  will  be  13*7  microvolts 
greater  than  at  the  latter  ;  and  this  potential-diD'ereuce 
it  is,  which,  due  to  the  ditfereuce  of  temperatui*e  at  the 
junctions,  produces  the  thermo-electric  current.  This 
variation  of  the  thermo-electric  power  with  tempera- 
tare,  hoM'ever,  is  not  cnuHtant.  Cumming  (1823)  observed 
that  on  increasing  the  mean  temperature,  even  with  a 
constant  temperature-differeuce,  the  poteutial-difference 
between  two  junctions  decreases,  becomes  zero,  and 
finally  increases  iu  the  other  direction. 

EXAMPLR. — Thus  the  therrno-eleetric  power  of  copper  and  iron, 
which,  as  we  have  seen,  ik  13'7  microvolts  at  Hi',  x\w  oopixr  being 
positive  to  the  iron,  disiippearsat  274 '5^  their  ihernio-electrio  powers 
for  this  mean  tempcnUurv  being  equal.  At  higher  temporatnres 
their  relative  position  is  reversed,  the  iron  Ix'ing  now  i>ositivo  to  the 
copper.  If  the  temperature  Ik(  580'  for  one  of  the  junclionfl,  the 
ortier  remniuiug  at  19' ,  the  lugher  temperature  lieing  a«  much  alcove 
2745  ns  the  lower  one  is  below  it,  the  iwtential-ditTfn^nces  will  be 
oquftl  and  opposite,  and  their  algebmie  sum  will  be  zero.  There  will 
be  no  current. 

The  point  of  temperature  at  which  a  given  pair  of 
metals  have  the  same  thermo-electric  power,  and  beyond 
which  consequently  their  potentiaUlilTereuces  are  re- 
Tersed  in  sign,  is  called  the  neutral  point.  The  maximum 
potential-diflference  is  obtiiined  when  one  of  the  junctions 
is  at  this  temperature  and  the  other  is  as  far  away  from 
it  as  possible.  If  the  mean  temperature  be  the  tem- 
perature of  tlie  neutral  point,  no  current  whatever  flows 
through  the  circuit  Iu  order  to  calculate  the  potential- 
difference  in  any  given  case,  therefore,  it  is  necessary  to 
know  the  temperature  of  the  neutral  point  for  the  given 
metals. 


635.  Thermo-electric  Oio^am. — By  means' 
properly  conHtruoted  thermo-electric  diagrau],  therefor*', 
all  that  is  known  about  this  subject  may  berepreBented 
Such  a  diagram,  first  suggested  by  Lord  Kel>*in  aui2 
afterward  completed  by  Tait,  is  given  in  the  figure  (Fig. 
310).     In  this  diagram  lead  is  taken  as  the  staudarii 
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metal,  for  a  reason  presently  to  be  explained  (637).     Tha 
thermo-electric  powers  with  re8pe**t  Ut  leatl,  given   in 
microvolts,  are  represented  as  ordinates  and   the  tem- 
peratures as  abscissas.     It  will   be  observed  that  the 
variation  of  thermo-electric  power  with  temperatii 
each   of  the  metals  given,  is  reprosenteil  by  a  st '    _ 
line.     And  since  the  potential-diiference  is  the  prodncl 
of  the  thermo-electric  power  for  the  mean  temper 
by  the  difference  of  temperatures,  it  is  evident  tl 
poteutial-difFerence  for  any  two  given  metals  is  the  area 
of  the  trape:soid  enclosed  between  the  jjiven  temj>^! 
ordinates  and  the  variution-lines  for  the  given   m 
Where  two  metallic  lines  intersect,  they  have  the  same 
thermo-electric  power;  and  the  temperature  correspood- 
ing  IS  the  neutral   point.      Evidently  the  areas  of  the 
triangles  on  the  two  sides  of  the  neutral  point  will  he 
equal  if  their  bases  are  equal ;  i.e..  if  the  temjienitnrf* 
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ou  opposite  sides  are  equal.  In  other  words,  the  poteu- 
tial-<lif)V*reuc*e  will  be  zero  if  the  ueutral  point  is  the 
tneuu  temperature. 

Hiuoe  the  area  which  represents  the  poteutial-difler- 
ence  is  ]>r<>portional  ia  Kt,  the  product  of  the  theruio- 
electric  power  k  and  the  temperature  ^  and  since  k  uIho 
varies  as  t,  the  pntential-difforence  itself  varies  as  /'.  80 
that  the  cuitg  showiug  the  variation  of  potential-differ- 
ence with  temperature  is  a  parabola.  The  thermo- 
electric diagram  of  Gaugain  is  based  upon  this  relation. 

ExAMi'LK. — It,  is  rr»f|iiired  to  calcvilflto  the  potentiftl-diffcrencp  for 
a  cadiniuiii-pHlladiuiii  couple,  the  two  junctions  betu^  niuiutaiued  at 
150'  iuid  .W.  Thfi  thermo-electric  power  of  cadmium  ftt  50'  is  —  4 
microvoUs  as  compared  with  lead.  At  150"  it  is  —  8  microvolts. 
Thut  of  palladium  at  50*  is  +  7'5  microvoUs  and  at  IflO"  lO?  lutcro- 
▼o]ts.  Th(?  thermn-cJcctric  power  of  tho  two  metals  at  50°  is 
7-5  —  (—  4)  or  11-5  microvolts  ;  and  at  15l>  it  is  10-7  — (—  7  5)  or 
IH'7  microvoUs.  The  an^a  of  a  lrai»ozium  is  the  product  of  the  height 
into  the  mean  value  of  the  bases  ;  i.e.,  is  (18*7  +  Il*5)/2  x  100  or 
1510  microvolts.  Again,  in  the  diaRram,  the  thermo-electric  power 
for  the  mean  temperature  is  evidently  the  mean  value  of  ihest?  hnses  ; 
which  in  the  present  case  is  92— (—5-9)  or  15*1.  Whence  the 
lK>t«ntial-difference  for  100°  is  151  x  100  or  1510  microvolts,  as 
before. 

More  accurate  results  may  be  obtaiaed,  however, 
from  a  table  of  values.  Inspection  of  the  diagram 
shows  that  for  a  given  metal  tlie  ratio  of  it«  thermo- 
eleotric  power  as  compared  with  lead,  to  the  distance 
measured  from  the  ueutral  j)niut  to  the  mean  given  tem- 
perature, is  the  taugent  of  tlie  angle  which  the  line  for 
this  given  mebd  makes  with  the  axis  of  abscissas  ;  i.e.» 
the  line  for  lead.  Calling  this  angle  ot,  we  have  tan  a  = 
D.  P.  /  T.  D. ;  whence  the  potential-difference  f(jr  1°,  or 
the  thermo-electric  power,  is  obtained  by  multiplying 
the  teni]>erature-differeuce  betMeen  the  neutral  point 
with  lead  and  the  mean  temperature  by  the  tjiugent  of  the 
angle  of  inclination.  Calling  T„  the  mean  temperature 
and  T«  the  neutral  point.  T^  —  T^  will  represent  the 
temperature-difference  and  (7^^  —  T„)  tan  «  will  represent 
the  potential-difference  for  1^  betweeu  the  given  metal  and 


<78i 


pirrsics. 


lead.     Bo  if  (7^—  TJ)  taa  a'  be  this  different  fori 
iiecond  metal,  tlie  potential-difference  l>etween  the  fii 
and   sueoud    metal  will    be  tbeir  algebraic   Hum ;   i^ 
(  T^  _  rj  tan  a-  ( r/  -  TJ)  tan  a\    Again,  these  twines 
mar  be  tjibulated  by  stating  the  thernio*electnc  power] 
nn(!n>volta  at  O*'  with  the  mean  -teiuperatui'e-eorrecl 
added  as  a  function  of  this  temperature.     The  nec4 
constants  are  given  in  the  following  tables  : 


THEUMO  ELECTRIC  POWER  IN  JIICIIOVOLTS.    (Tait.) 
(At  the  Ti*rn|M>nkturo  f*.) 


Iron  . . , 

..    -fl7»l-04»7/ 
..     +    3  66  4-  *M^' 
..     ^   2-60 -0075^ 
..     -1-   8-34-|--ua40/ 

..   +  a*i4  +  -oiw/ 

..     +   1-86-1-  0OW( 

Luiitl..,^,,,,,. 

0 

I'ailiuluin  . . . 

Tin..,, 

—    048 -4- ■« 

I'luiiDum.... 
Zinc 

Alumlinim. . . . 

Pnllailium 

Oennan-wlvor. 
Nickel 

-  0  77  4-1N 

—  62^  — -tt 

yilvnr 

—  12  07  -  1M 

Copper 

-22  04-  % 

THERMO-ELECTRIC  TABLE.  (JE3fUx.} 

Neutml  Point  Tuogieni  of  Anglo 

witli  I^ead.  with  Lca/l-liiie. 

Iron +357°  -|- -0120 

Palladium —  181°  +  OHll 

Germau-silver —  314°  -f  0251 

Zinc -    32°  --0289 

Silver -116°  -  OU^ 

Copper -    68*  —0124 

Lead 

Tin -f    46°  H-  CK>67 

Aluminum —  113°  -(-  '002fi 

Cadmium -    69"  —  0364 


Example,— To  compute  the  potonllal-differeDce  for  a  cAdmii 
palliidinm  couple  whose  junctions  are  at  50*  and  150%  wr  Imvfl  fur 
{7'^  —  Tm)  Un  ti  in  the  case  of  cidminm  (— fi9—  i00>  x  —  -0364 
or  +  615 ;  and  in  tlie  cnae  of  palludium  (— 181  —  lOOj  x  +  -0311 
or  —  8-74.  The  difference  of  th**.^  values  is  14-89.  which,  mul 
plied  by  the  mean  teinjM^ratare-difToronee,  gives  148il  luicrov 
Or,  to  ciilculute  the  value  by  rlio  first  table,  wv  have  for  tlic  i] 
t*Doc  between  cadmium  and  pHilladium  (3'66  -t- -04^00  ^  (  — 6-25i 
•08590  =  8«l  +  •078«  ;  which  for  t  s=  100'  beoomes  8-ftl  +  7-88' 
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16-79  microvolts;  hdc!  this  inultiplie<l  by  100  gives  1079  miorovoKs 
for  the  total  potenlial-differcnce. 

03«.  Peltier  Efleiit.— In  1834,  Peltier  noticed  that 
wbeu  au  electric  current  is  sent  through  a  junetiou  of 
two  metals  it  causes  either  an  absorption  or  an  evolu- 
tion of  beat  according  to  its  direction.  And  further, 
that  absorption  is  produced  whenever  the  curreut  passes 
in  the  SHiue  directiou  as  that  developed  bj  heating  the 
junction,  and  evolution  of  heat  is  produced  whenever  the 
current  passes  in  the  opposite  directiou.  Tliis  phenom- 
enon is  called  the  Peltier  effect. 

ExPKRiMENT. — Peltier's  cross  consists  of  two  bars,  one  of  bis- 
muth, B^  llio  olber  of  aiitiinoiiy.  A^  placuil  at  n'^bt  unylt's  and  Imlvod 
togetbtT  Hi  the  junction.  If  a  current  bo  sunt  frt»in  tbe  generator  C 
h&  indicated  by  tbe  arrows  (Fig.  313)  through  the  junction  from  A 
to  B,  nppofeite  to  tlint  pvodutrd  by  heating 
the  junction^  the  current  will  develop  he«t 
At  the  junction  by  Peltier's  law.  And  this 
heat  will  pnxlnoe  a  current  on  the  other 
side  of  the  eroRS,  flowing  as  tlie  arrows 
indicate,  from  5  to  A  through  the  juiiulion. 
And  from  A  to  B  through  the  galvanomi'ler. 
If  tbe  generator  current  be  reverseil,  cold 
will  be  produced  at  the  junetion  ;  and  in 
1838  I^enz  snceee<ied  in  freezing  water  at 
this  junction,  previously  cooled  by  melting 

snow.  If  a  current  be  sent  through  a  compound  bar,  consisting  of 
A  bar  of  bismuth  at  the  center  and  two  of  aulinmuy  at  the  ends, 
Iwiih  phenomena  will  appear  simultaneously  ;  beat  appearing  where 
the  current  pnsaos  frotu  antimony  to  bismuth  and  cold  where  it 
pAS8e«  from  bismuth  to  autiuiony.  Two  t«uiiiU  air-tbenuometers 
placed  at  the  junctions  will  indicate  thej^e  4>ppi)sile  eltects. 

Since  the  Peltier  effect  is  quite  feeble,  it  ia  often 
masked  by  the  Joule  effect  or  the  ordinary  beating 
effect  due  to  the  current.  But  inasmuch  as  the  Peltier 
effect  is  reversible,  it  may  be  detected  and  even  meaa 
ured  by  a  suitable  arrangement  of  the  circuit.  Edlund 
lias  suggested  the  form  shown  in  the  figure  (Fig.  312), 
Wben  the  curreut  passes  as  the  arrow  indicates,  it  goes 
Ironi  ^  to  ^  through  the  left-hand  junction  and  from  H 
to  A  through  the  right-hand  one ;  producing  heat  in  the 
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former  and  onld  in  the  latter.  So  that  bv  enclosiug  tb« 
junctions  iu  bulbs  of  gla^s  couuect-eil  by  a  sni»ll  hori- 
zontal tube  coutiiiuing  a  drop  of  mercury,  the  motion  of 
the  mercury  will  be  due  solely  to  the  Peltier  effect 
Evidently  the  Joule  effect  is  the  ssiiuie  at  lK*th  junctions 
and  is  repreHeuted  by  /'/•;  wliile  the  Peltier  effect  is  .»[>. 


Flo    312. 

posite  at  the  two  and   is   proportional  to  /F.    In  ihe 
above  apparatus,  the  total  Jieat  iu  ergs  developed  or  ab- 
sorbed at  a  junction  is  «///;  and  this  is  tlie  sum  of  Ibe 
Joule  and  the  Peltier  effects.     Hence  .A//=  /'r-+-/r*t 
one  junction  and  .///'  =  /V  —  /]'  at  the  other.    The 
difference  J{11  —  //')  =  2/1' measures  the  Peltier  effect 
alone.     If  the  heat  be  expressed  in  wat-er-gi'am-4legre«, 
the  fall  of  potential  at  the  jnnction  expressed  in  volts 
is   V  =  i'2II/T.     In   general   it  is  exeeiMlinf^Iy   small; 
amounting  in  the  ease  of   the  junction  of  copjier  with 
an  alloy  of  bismuth  and  ten  per  cent  of  antimony  to 
only  00219  volt  at  25*^  and  to  0'027-t  volt  at  100^     Thia 
appears  as  a  counter-electromotive  force  developed  hr 
the    generator    current.      Evidently   the    Peltier   M*r^.n 
vaoishes  at  the  nentral  point. 

0;J7.  Thomson  Effort. — Since  kheenergy  of  a  tiieiujiv 
electric  current  can  have  no  other  source  than  the  heat 
supplied  to  the  circuit,  the  inversion-effect  discoverod 
by  Gumming  led  Lord  Kelvin  to  the  conclusion  that  in  a 
thermo-electric  circuit  there  must  be  some  other  counter- 
electromotive  force  than  that  observed  bv  Peltier,    He 
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supposes  a  couple  the  hot  junction  of  which  is  at  the 
neutral  point,  the  other  buiug  at  a  lower  temperature. 
Since  at  the  hot  junction  the  Peltier  effect  is  wiV,  the  heat 
cannot  be  absorbed  there.  Moreover,  at  the  cold  junc- 
tion heat  is  evolved,  not  absorbed.  Hence  there  must  be 
an  abrtorption  of  enor^y  in  the  wireH  themselves  in  virtue 
of  the  differeuee  of  tismperature  at  their  oudw.  Experi- 
ment confirmed  this  oouclusioii,  and  showetl  that  an  elec- 
tric current  in  an  unequally  heated  conductor  tends  to 
reduce  differences  of  temperature  in  certain  metals  such 
as  copper,  and  to  increase  these  differences  in  other 
metals  such  as  iron.  AVhen  therefore  the  current  trav- 
erses a  copper  wire  from  its  cold  to  its  hot  end,  there  is 
&n  absorption  of  heat,  and  vice  versa.  This  is  called  the 
Thomson  effect,  or  sometimes  the  electric  convection  of 
beat.  In  a  copper-iron  thermo-electric  couple  with  the 
hotter  junction  at  the  neutral  point  (Fig.  '6VS),  the  cur- 
rent passes  from  cold  to  hot 
in  tlie  copper,  and  from  hot 
to  cold  in  the  iron,  and  , 
there  is  absorption  of  heat  > 
in  both  metals,  their  resulU 
inj;  potential-differences  being 
a<lded.  Since  Le  Roux  in  1867  showed  that  the  Thom- 
son effect  is  null  or  exceedingly  small  in  lead,  this  metal 
is  taken  as  zero  in  the  thermo-electric  diagram. 

0^i8.  Bnersry  of  the  Tliernio-ciirrent. — Since  tlie 
energy  expended  in  the  circuit  of  a  thermo-current,  like 
that  of  any  otlier  electric  current,  follows  Joule's  law, 
this  enerp^y  must  l)e  derived  from  the  heat  absorbed  by 
the  circuit  itself.  We  have  seen  that  this  absorption  of 
heat  may  take  place  at  a  junction,  producin^^  a  difference 
of  potential  there,  tlie  Peltier  effect,  or  it  may  take  place 
in  one  of  tlie  metals  of  the  couple  producing  a  difference 
of  potential  between  the  ends  nf  this  metal,  the  Thom- 
son effect.  The  algebraic  Huni  <»f  these  two  differences 
of  potential  is  that  of  the  thermo-electric  couple. 

Examples. — l,  Ttie  total  p<»t<»ntiHl-difference  for  a  copper-iron 
coDpIe,  whose  junctions  nro  at  0°  and  100%  is  obtained  by  multiply- 
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tng  the  tbrrrno-electric  imwcr  by  \\w  ternpeRiturc-ditlereitfe.  T1» 
tbermo-elccirio  powt-r  i»,  by  fhe  table,  {17-34—  -04870  — (I -M  + 
•0095/1  =  15  AH-  5-82/  x  50=  13  07.  Aud  this  muhiplied  by  100  u 
1807  microvolu  as  \Uv  polfiifial-diffyreuue. 

2.  The  Peliier  pi>t«iiU;il-(lilTerviice,  being  the  prodact  of  tbt 
thcnmi-eWoiric  powor  by  tbo  absolute  tempfrature  of  the  junctHin. 
U  for  tlio  hot  junction  f  12  47  —  2  31)  x  373,  or  1016  x  873  =  »T« 
microvol*8.  For  tliu  culd  junvttoQ  it  ia  (1734  —  I'SO)  x  27S.  or 
15  98  X  273  =  43«a  microvolt*.  Sin©o  the*ie  two  valaee  are  m 
op{M>silr  dJrevtioiiH.  their  uigt'braiu  sum  i&  573  microvolts,  ih« 
efficient  poiontial-^Ufforcnco. 

3.  The  Tliouisoii  pot*.*ntiiil-diffcroHce  is  the  product  of  the  diAr^ 
4jncc  of  llic  thermo-electric  [>ower  at  Ihp  two  euds  by  tfaeatxolin* 
tenip^THttiro  of  its  middle  point.  Hence  for  the  irou  ii  u 
(•04H7  K  100»  X  (273  +  k{0  +  100)),  or  1573  raicroToIls.  For  the 
oop[)or  it  i^  (OOUo  x  IU0>  x  323,  or  307  microvolts.  SiDC«  these  i«o 
potential  differunces  aro  in  the  same  direction  the  IoIaI  pot«Dii&I 
difference  h  tboir  sum  or  1880  inicrovoUs. 

4.  Thi*  potential-difference  of  the.  Peltier  effect  boing  iu  one  di- 
rection and  lliat  of  thu  Thomson  effect  being  in  tlio  other,  i'" 
feri'nceor  1307  microvolts  is  the  thornu>-electric  potfrnlial  dt;. 

of  the  couple  ab  nbovo. 

030.  MHIioil  of  computing:  Kiiergry  by  Oiae^nuu.- 

Thp  same  (^enei'al  result  may  be  reached  bj  coustmctioD, 
using  the  priuciple  of  the  thermo-eleotric   diagram  of 
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Tait  (Fig.  3H).     Let  the  two  inclined  lines  represent 
rate  of  variation  of  the  thermo-electric  power  with  iei 
peratute  lot  co^i^t  and  iron  respectivelj,  as  compareil 
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I  with  lead,  this  rate  being  positive  for  copper  and  nega- 
tive for  iron  ;  the  current  therefore  flowing  thrcmgh  the 
^heated  junction  from  the  copper  U)  the  iron  as  the  arrows 
fcow.  The  therrao-electric  power  is  represented  by  the 
ordiniites  and  tlie  abH^lute  temperature  by  the abHcisKas. 
Hence  O  is  tlie  absolute  zero,  and  OG  and  OG'  the  tem- 
peratures of  the  two  junctions  respectively.  Since  the 
area  CV 1' I  is  the  product  of  the  mean  thermo-eleetne 
power  by  the  teniperature-diflerence,  it  represents  the 
total  potential  ditTnreuce  in  the  circuit.  And  therefore  if 
unit  current  tiows  through  it,  tliis  area  will  also  represent 
the  euerj^y  of  tliis  current.  The  area  I)  ' B' CT  which  is 
the  product  of  the  thermo-electric  power  at  the  hotter  junc- 
tion by  the  absolute  temperature  of  this  junction,  repre- 
sents the  Peltier  efl'cct  at  this  junction,  as  the  area  DICB 
represents  this  effect  at  the  colder  one ;  heat  being  ab- 
sorbed at  the  fi^rmer  and  evolved  at  the  latter.  The  area 
BB'C C^  being  the  product  of  tlie  tlilference  of  the  thermo- 
electric power  at  the  two  ends  of  the  copper  wire  by 
the  mean  temperature-difference,  ropresentK  the  Thomson 
effect  in  this  metal ;  and  the  area  />/)'/'/,  this  effect  in 
the  iron.  Since  the  current  passes  from  cold  t(»  hot  in 
the  copper  and  from  hot  to  cold  in  the  iron,  there  is  ab- 
sorption in  botli  metak.  There  is  absorption  of  heat 
then  from  6' to  C",  from  V  tt>  I\  and  from  /'  to  /;  and 
therefore  the  area  BCC I'lD  represents  the  energy 
taken  in,  while  the  area  DICB  represents  that  given 
out.  The  difference  VC'I'I  represents  the  energy-  utilized 
in  the  current  in  the  circuit;  or  if  the  current  be  unity, 
this  area  represents  the  potential-difference.  Since  the 
line  for  lead  is  parallel  to  the  tem]>erature-axis,  the  in- 
clination of  the  copper  lino  to  both  these  lines  is  the 
same.  Whence  the  tangent  of  the  angle,  or  the  ratio  of 
the  thermo-electric  power  to  the  absolute  temperature, 
is  GC/OG.  Consequently,  ^'(7  for  co]>per  (positive)  and 
KI  iox  iron  (negative)  represents  what  Lord  Kelvin  oalld 
the  specific  heat  of  electricity. 


HEHR'AL   UELATIONS  OF  THE  CUBBCrr. 

(o)  Conversion  of  Ef^trttktn^ic  Energy  into  Chemv 
Energy. 

G40.  Coiiveotioii-truiistrrence. — Besidt^H  the  tranfr* 
fereuce  of  elootrificatioD  which  takes  place  in  meta! 
coadnctora,  thtire  is  a  trauBfereuce  which  tnkeii  plac^  i 
liquiilH^    Itnxluciiig   chemical    irhHii^'es    iu    theiD.     T 
ti'AUsference  appears  to  be  of  the  nutiu'e  of  au  atomic  cod- 
vt?cti<»ij,  each  atom  or  atomic  group  which  is  coaceroetl 
in  it  heiug  electrically  charged  niul  carrying  itn  char}^ 
with  it  in  the  direction  of  traunfereuce.     The  eleclri 
charge  u])(>d  u  free  atom  ih  thus  calculated  by  Lrx) 
Experiment  shows  that  about  1-5  X  W  positive  *?1 
troBtatic  units  must  be  ex]>eDded  upon  the  hydrogen, 
an  equal  unmber  of  negative  units  upon  the  oxygen, 
one   gram   of  water   in   order  to  set  these  constitu 
gases  free.     Hence  if  we  assume  that  this  gram  of  wa 
contains  10'*  molecules,  there  will    be  expended  a 
each   molecule   3  x  10~"  electrostatic   units;    one  h 
this  charge  going  to  the  two  atoms  of  univalent  hyd 
gen,  the  other  half  to  the  single  atom  of  bivalent  oxygen^' 
Each  Atom  of  liydrogen  therefore  will  have  a  charge  of 
nearly  10~"  electrostatic  unit.     And  since  the  charge  o^M 
all   univalent  atoms  or  atomic  groups  is  the  same,  i^l 
follows  that  every  such  atom  or  atomic  group  wUicL 
is  capable  of  taking  part  in  tliis  transference  mu»t 
charged    with    10- "    electrostatic   unit.     This   quanti 
therefore  appears  to  be  a  natural  unit  of  eleoiriftcHtin: 
the  smallest  i|nautity  which  actimlly  takes  part  iu  n 
chemical  change.     It  is  less  than  tlie  huudrt^d-trillion 
of  a  coulomb.     Moreover,  the  electrical  charge  of 
atom  iiicroasos  with   its  valence,  a   bivalent    atom 
at<miic  group  having  twice  this  charge,  a  trivalent  a 
three  times,  and  so  on.      Furthermore,  it  is  the  vi«iw 
von  Helroholtz  that  each  kind  of  matter  has  a  spec 
attraction  for  electricity,  some  kinds  for  positive,  otl 
kinds  for  negative;    and   hence  that  chcmism  itself 
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due  esseutiallj-  to  the  electrical  attraction  of  opponitelj 
charged  utoiu.s. 

04t.  KI«»cirolysia». — In  some  liquids,  such  as  iner- 
ctir}',  the  trausferenee  of  electritioatitm  in  effected  by  con- 
dnciion  precisely  as  iu  solid  luebils.  In  others,  such 
as  petroleum  aud  turpeutine,  there  is  uo  trausfereuce 
through  the  liquid,  but  uuly  dinplacement  withiu  it;  the 
liquid  aotiug  like  u  solid  dielectric.  Iu  still  otlier 
liquids,  such  as  acids,  alkalies,  aud  salts  for  example, 
either  fused  or  dissolved  iu  water,  the  transfereuce  takes 
place  solely  b}*  atomic  convection.  This  process  of 
transference  is  called  electrolysis  or  electrolytic  conduc- 
tion ;  and  the  substances  iu  solution  whose  constituent 
atoms  or  atomic  groups  act  U)  carry  the  electric  charges 
are  called  electrolytes.  These  constituents  theiuselves 
are  called  ioni ;  and  the  conductors  by  which  the 
current  passes  int<3  aud  out  of  the  solution  are  called 
electrodes;  the  one  by  which  the  current  enters  being 
called  the  positive  electrode  or  anode,  aud  the  other  the 
negative  electrode  or  kathode.  Those  ions  which  go  to 
the  anode  on  electrolysis  are  of  course  negative,  and  are 
called  anions;  while  tliose  which  go  to  the  kathode  are 
positive,  and  are  called  kathions.  These  names  were 
pn>j)osed  originally  by  Faraday. 

EiAMPLE— If  an  tiqiieouM  solution  of  liydrogen  vhloride  Ihj  sub- 
jected to  111©  action  of  the  cnritMit  it  will  be  electrolyzed.  TIip  eleo- 
trolyte  liytlrogon  chloride  will  yifU!  tho  kathion  bydrogen  and  llie 
nnion  rhlorine.  Tho  hydrog(>n  ions  will  travel  in  one  direction  in 
t!ie  liqnid,  carrjing  their  positive  cleciricjd  charge*  to  the  kftthode. 
The  chlorine  ions  will  travel  in  tho  opixxiite  direction,  transferring 
their  ney:aliv«  diarges  !i>  the  anode. 

04t2.  Laws  of  Electn^Iysis. — We  owe  to  Faraday 
(1833)  the  estaV)lishtnent  of  the  general  laws  governing 
electrolysis.     These  laws  are  two  in  number: 

I.  The  amount  of  chemical  change  which  takes 
place  in  any  electrolytic  circuit  is  directly  pro. 
portional  to  the  quantity  of  electrification  trans- 
ferred through  that  circuit. 

H.  For  the   same   quantity  of  electrification 
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transferred  thruugh  any  circuit,  the  anion 
the  different  electrolytes  decompoHed  iu  th. 
cirrnit — and  tliereforu  the  amoauts  of  the  io] 
Bet  free — are  proportit)nal  to  the  chemical  equ 
valeiitfl  of  these  different  electrolytes  or  ions. 

The  first  law  asserts  simply  a  proportiouulity  betwei 
the  mass  of  the  electrolyte  decomposed  (or  of  the  ii 
set  free)  and  the  current ;  i.e.,  the  qnaiitity  of  electri 
cation  transferred  per  second.  Experiment  shows  th 
one  absolute  electrostatic  unit  of  quantity  sets  fr 
3*40  X  10"'*  gram  of  hydrogen;  Le.,  one  coulomb  ad 
free  10'38  micrograms.  And  convei*scly,  to  set  free  oi 
gram  of  hydrogen  UtiHlO  coulombs  must  be  transfem 
throuf^h  the  circuit.  If  therefore  50  coulombs  be  th 
transferred,  519  micrograms  of  hydnij^en  will 
liberated  ;  and  this  whatever  be  the  time  occupied  ; 
this  trauKference.  So  that  a  current  of  five  amperes  fi 
ten  seconds  effects  the  samo  atnount  (\f  decornp<isitio 
for  example,  as  a  current  of  one  ampere  for  fifty  secou', 
If  we  call  the  quantity  of  any  electrolyte  which  is  d 
compo.sed  by  a  unit  current  in  unit  time  the  elect! 
chemical  equivalent  of  that  electrolyte,  then  the  first  U 
states  that  the  quantity  decomposed  by  a  given  cnm 
iu  a  given  time  is  simply  the  product  of  the  elect? 
chemical  equivalent  by  tlie  current-strength  and  b 
time  of  the  experiment.  This  law  is  a  necessary 
quence  of  convection-transference  ;  since  if  the  c^ 
for  a  given  ionic  atom  be  constant,  the  amouut  of 
trificatiou  transferred  must  be  proportional 
number  of  such  atoms  concerned  in  the  transferen 

The  second  law  asserts  that  if  several  electrolyt 
be  included  in  the  same  circuit,  so  that  the  Kame  corra 
traverses  them  all,  tiie  relative  amounts  of  these  eh 
trolytes  which  are  decomposed  will  be  proixirtional 
their  chemical  equivalents.  The  chemical  equivalent 
an  ion  is  defined  as  the  smallest  quantity  of  it  whi( 
enters  into  combination  with  or  replaces  an  atom 
hydrogen  ;  ie.,  as  the  quantity  of  that  ion  which 
chemically  equivalent  to  an  atom  of  hydrogen. 
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le  valence  of  any  atnrn  is  the  number  of  hydrogen  atoms 
which  this  atom  is  equivalent,  it  is  evident  that  if  we 
livide   the  atomic  maws  hy  the  valftuce  we  shall  obtain 
le  mass  whicli  is  oqnivalout  to  ono  atom  of  hjdro<;en  ; 
i.e .^  the  chemical  equivalent.     Thus  the  chemical  equiva- 
snts  of  the  univalentitms  hydroj^en, chlorine, and  sodium, 
for  example,  are  1,  35  37,  and  23,  being  numerically  the 
kme  as  their  atomic  uiusses  ;  while  the  chemical  equiva- 
lents of  the  bivalent  ions  oxygen,  calcium,  jind  zinc  are 
•98,  19-95,  and  32*44,  respectively  ;  these  numbers  being 
the  quotients  of  their  atomic  masses  divided  by  two.     8o 
ke  chemical  equivalent  of  a  trivalent  ion  is  one  third, 
[iHt  of  a  quadrivalent  ion  is  one  fourth,  of  the  atomic 
8.     In  the  case  of  an  electndyte,  its  chemical  equiva- 
\jxi  may  be  defined  as  that  quantity  of  it  which  con- 
kins  only  a  single  monad  atom  of  the  same  kind  ;  i.e., 
lither  positive  or  negative.     Thus  the  molecule  of  hy- 
*ogeu  chloride,  for  example,  contains  but  a  single  posi- 
ive  atom  and  a  single  negative  one.    Hence  its  chemical 
squivaleut  is  36'37,  the    siiine    numerically    as  its    mo- 
lecular mass.     A  water-molecule,  httwever,  contains  two 
lonad  hydrogen  atoms,  and  hence  its  chemical  equiva- 
>nt  is  17'9G  ;  or  one  half  its  molecular  mass. 

According  to  the  second  law,  therefore,  the  relative 
aantities  of  hydrogen,  of  sodium,  of  oxygen,  and  of  zinc 
[aet  free  in  the  sjime  cir<niit  are  proportional  to  the 
ambers  1,  23,  7*98,  and  32*44,  respectively.  So  that  if 
re  call  the  chemical  equivalent  of  a  substance  expressed 
in  grams  its  graxn-eqaivalent,  it  is  evident  that  for  a  given 
(Current  the  same  number  of  gram-equivalents  of  the 
[electrolyte  will  be  decomposed  and  the  same  number  of 
ionic  gram-equivalents  set  free  whatever  be  the  nature 
^  of  this  electrolyte.  Now,  as  above  stated,  one  coulomb, 
■i.e.,  a  current  of  one  ampere  for  one  second,  seta  free 
^10-38  micrograms  of  hydrogen,  and  hence  the  mass  of 
Boxjgen  or  of  sodium  thus  set  free  will  be  10'36x7'98  or 
■lO'36x23,  i.e..  82-8  micrograms  of  oxygen  or  238*7  micro- 
P^fframs  of  so<lium.  So  that  the  statement  of  the  second 
law  is  that  the  electro-chemical  equivalent  of  any  eloc- 
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trolyt©  or  of  any  ion  is  simply  the  product  of  th*i  elec- 
tro-chemical eqaivalent  of  liydrogeu  hy  tbe  chemic^ 
equivuleut  of  the  actiiig  substance.  In  general,  there- 
fore, if  t  represent  the  chemical  equivalent  of  lui  inn 
and  VI  the  mass  of  hydrogen  set  free,  expressed  in  micro- 
graniB  per  coulomb,  the  absolute  masb  of  tlie  ion  set 
free,  also  expressed  in  ujicrogi'ams  per  coulomb,  i.e,,  its 
electrochemical  equivalent^  will  be  mc.  Moreorer,  tLe 
mass  set  free  by  the  transfer  of  n  coubuubs,  will  pti. 
deully  be  mn€.  Since,  however,  Q=  It,  the  n  coalumlw 
is  equal  to  a  current  of  a  amperes  for  t  seconds,  or  n  = 
at ;  so  that  the  mass  of  the  ion  in  microj^ams  set  free  in 
t  seconils  by  a  current  of  a  amperes,  will  be  wa/c. 

This  law,  also,  tiows  necessarily  from  the  fact  of  wio- 
vectiou-transfereuce.  Since  the  same  electrical  charp* 
is  transferred  by  each  ionic  atom  whatever  its  n^tun?, 
and  since  the  I'elative  masses  of  these  icniic  atoms  ure 
proportional  to  their  chemical  equivalents,  it  follows 
thatequul  quan  titles  of  electriti  cation,  on  passing  tlirouj;h 
different  electrolytes,  require  for  their  transport  eqnirt- 
leut  quantities  of  these  ions. 

04;{.  Yoltuineter. — Upon  the  first  law  above  giveiu 
Faraday  based  a  method  of  measuring  the  strength  of  i 
current.  Since  the  amount  of  au  ion  set  free  is  propn^ 
tional  to  the  qnautity  of  electritication  transferred,  it  i» 
obvious  that  by  determining^  the  mass  of  tho  ion  evolreii 
in  a  given  time,  the  amount  of  the  electriticutiim  tnius* 
ferred  may  be  ascertained.  The  apparatus  reijuired  for 
the  purpose  is  called  a  voltameter,  and  the  method  the 
Toltametrio  method.  The  ions  ordinarily  employed  in  this 
method  are  hydrogen,  copper,  and  silver. 

The  hydrogen  voltameter  consists  of  a  glsAS  vessel 
provided  with  platinum  electrmles  and  tilled  with  dilute 
sulphuric  acid.  On  passing  the  current,  both  hyilrogeji 
and  oxygen  gases  are  evolved,  but  the  former  only  \^ 
collected,  the  latter  being  allowed  to  escape.  From  the 
known  volume  of  the  hydrogen  set  free,  corrected  for 
pressure  and  temperature,  its  mass  is  eaailv  < 
And  a\nce  ow^  co\\\o\o\>  ^^A.* ^^1^4 10'.38  mien- 
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nnmber  of  coulombs  transferred  through  the  electrolyte 
is  obtaiued.  li  the  duration  of  the  experimeut  be  i 
seconds,  the  quotient  of  the  coulombs  divided  bj  t  gives 
the  average  atreugth  of  the  current  in  amperes. 

In  the  copper  voltameter  a  saturated  solution  of 
opper  sulphate  is  made  use  of,  slightly  acidified  with 
ulphuric  acid.  Two  copper  plates  are  suspended  in  the 
golution,  serving  as  electrodes.  On  passing  the  current 
the  anode  is  attacked  and  dissolved,  and  copper  is 
deposited  on  tlio  kathode.  So  that  the  increase  in  the 
mass  of  this  kathode  represents  the  amount  of  cop|>er 
deposited.  If  this  be  expressed  in  microgi-ams,  then 
since  one  coulomb  sets  free  3*28  micrograms  of  copper,  the 
aotient  of  the  copper  deposited  divided  by  328  gives  the 
nmber  of  couU>ml)s  which  has  traverned  the  solution. 
d  this  number,  tlivided  by  the  time  of  the  experimeut 
seconds,  gives  the  mean  value  of  the  current-strength 
in  amperes. 

It  is  evident  that  the  results  will  be  the  more  accurate 
ID  proportion  as  the  chemical  equivalent  of  the  ion 
mploved  is  higher.  In  the  most  precise  voltametric 
mrk,  therefcjre,  the  silver  voltameter  is  preferred,  since 
tbe  chemical  equivalent  of  this  metal  is  nearly  108.  The 
solution  empbjyetl  is  generally  a  live  per  cent  solution 
of  the  nitrate,  siiglitiy  acidified  with  nitric  acid.  Two 
ftilTer  plates  are  made  use  of  as  the  kathode,  and  one, 
|)hiced  between  them,  as  the  anode.  The  strength  of  the 
cnrreul  should  not  exceed  from  two  to  ii\a  milliamperes 
per  square  centimeter  of  kathode  surface.  The  electro- 
cbemical  equivalent  of  silver  as  determined  by  Rayleigh 
is  111794  micrograms  per  coulomb.  Kohlrausch  ob- 
tained the  value  1118*3  micrograms  and  Mascart  the 
Talue  1115*6  micrograms  per  coulomb. 

044-.  Table  uf  Kloctro-cheniicul  ICiiuivuloiits. —  In 
the  following  table  the  electro-chemical  equivalents  of 
some  of  the  most  important  elemental  ions  are  given,  all 
of  these  ions  being  positive  except  oxygen,  chlorine,  and 
nitrogen,  which  are  negative.  By  dividing  the  atomic 
mass  in  the  second  column  by  the  valence  in  the  third. 
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the  chemical  equivalent  giveu  in  the  fourth  colama » 
obtained.  Ami  this  number  multiplied  by  the  electri>- 
chemical  equivalent  of  hydrogen  iu  inicrof^ams  per 
coulomb  gives  the  electro-chemical  equivalent  of  the 
ion  iu  the  fifth  column,  also  in  micrograms  per  ooolomk 
The  uuiuberrt  iu  the  sixth  column  are  the  reciprocals  of 
those  iu  tht'  Hfth,  giveu  in  grams.  The  electro-chemiial 
equjvaleutti  of  compound  ions  such,  for  example^  as  tbfr 
univMlent  rmlical  hydroxyl  OH,  and  the  bivalent  rodirtl 
oxysulphuryl  SO,,  are  similarly  obtaiued  ;  the  chemical 
equivalent  of  auch  a  nulicnl  being  the  enm  of  its  oon- 
ponent  atomic  masses  divided  by  \i&  valence. 


KLECTBO  CHKMICAL  EQUIVALENTS. 

Electro  rhcfDical  B^wtfitttL 

HydrugeD 1  i  I  10  98  MMO 

Oxyphil 15  86  3  7i>8  82 1«  120W 

Cliloriiie 85-37  1  35  37  8C7  10  2TW 

Nitroifcu UOl  8  4  67  48  47  a(«)0 

Aluitiinuin   37  04  8  9*01  U8  AO  10700 

Lead 20rt  4tl  3  108  20  1071  00              WJtT 

Zinc M8d  3  8244  8»B-70  SlfTO 

Ntektfl WW  2  29 80  304  ao  «a^ 

Meroiiry 19U  80  2  99»0  1087  00               *M3 

"       , '  1  199-80  2074  00               4S,'3 

Copper e31»  3  ai  59  «27  90  aOS«» 

"     ••  1  681tf  tt.>5  80  tlffl 

Silver 107'7  1  1077  111800              >^w^ 

Gold  ., 19B3  8  65-4  07«  90  U73i> 

O40.  Secondary  Actions, — The  results  of  aimple elec- 
trolysis are  freqnentiy  complicated  by  snpplomentanr 
chemical  actions  taking  place  at  the  electrodes.  If  % 
solution  of  hydrogen  chloride  be  electrolysed,  the  twf* 
ions  hj'drogen  ami  chlorine  appear  a«  such  at  the  elec- 
trodes and  become  free.  But  if  a  sobition  of  sodium 
chlonde  be  so  treated,  the  kathion  Bodinm  on  being  aet 
free  immediately  attacks  the  water  snrroundiiifT  the 
kathode,  becoming  converted  into  sodium  hyilruside  and 
setting  fi'ee  hydrogen.  So  tvheu  hydrogen  sulphate  U 
electrolvzed,  wliile  hydrogen  appearR  at  thi»  kathode,  th*" 
anion  BO  ^  Aecoiw'^*^*  WiVi  >«\\,\ft\  at  the  iiiukIi-.   tniiiin- 
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With  its  hydrogen  to  form  hjdrogen  sulphate  again  and 

setting  the  oxygen  free   (Fig.  315).      The  oxygen   and 

hydrogen  gases,  therefore,  obtained 

in  the  ratio  of  one  to  two  by  volume 

when  dilute  sulphuric  acid  is  acted 

npon  by  the  current  are  due  to  a 

secondary  actioUr  '^ater  itself   not 

being  an  electrolyte.     For   a  third 

example,  sodium   sulph^ite   uiay  be 

mentioned.     Secondary  di'composi- 

tion  takes  place  at  both  electrodes, 

sodium  hydroxide  being  formed  and 

hydrogen    being     set    free    at    the 

kathode,  and  sulphuric  acid  being 

formed  and  oxygen  set  free  at  the 

anode.     A  simitar  secondary  action  ^_  _^ 

occurs   when   the    anode    is    acted  riu.  ^i:. 

Upon  by  the  anion.     If  a  solution  of 

copper  sulphate  be  eleetrolyzed  by  means  of  plectrodes 

of  copper,  the  anion  SO,  will  attack  the  anode  and  form 

copper  sulphate  with  it;   the  quantity  of  copper  thus 

dissolved  at  the  anode  being   exactly  the  samo  as  the 

amount  deposited  at  the  kathode.     If  a  solution  of  lead 

nitrate  be  subjected  to  electrolysis,  metallic  lead  will  be 

depo.sited  on  the  kathode  and  lead  poroxide  upon  the 

anode.     So  if  lead  electrodes  be  used  in  dilute  sulphuric 

acid,  the  oxygen  set  free  at  the  anode  will  attack  the  lead 

and  convert  it  into  ])eroxid€. 

ExpERiMKXTs.— 1.  Fill  H  U-twbt'  With  a  strong  solution  of  sodium 
olilorhJe,  add  to  it  sufficient  red  Hlmus  solution  to  color  it  disiinc-tty, 
introduce  into  it  a  jmir  of  platinum  strips  to  act  as  elecl i*odes,  ami 
pass  »  current  thronsh  it,  Hydrogen  will  he  sot  fre«  at  the  kathode, 
and  the  solution  will  he  turned  blue  by  ibe  sodium  hydroxide  forme<l 
by  secombiry  aclion  iit  this  [>oint ;  while  the  solution  in  contact  with 
the  ano<b'  will  he  bloachrd  by  Ih*'  evolved  chlorine. 

II.  Hepoiit  the  c^iperimcni  with  solution  of  sodium  aulphate, 
making  the  litmus  purple  in  color  by  an  exact  neutralization.  On 
passing  the  current,  the  litmus  will  be  reddened  at  the  anode  by  the 
sulphuric  acid  formed  there,  and  blued  at  the  kAtho<le  by  the  sodium 
hydroxide  there  produced.  At  the  same  time  oxygen  and  hydrogen 
XHAt»s  will  be  evolved. 
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(V40.  Migration  of  the  lous.— It  has  been  obserrtd 
that  when  a  solution  of  copper  sulphate  is  electrolysed 
between  copper  electrodes  the  solntion  surrounding  tbe 
kathode  becomes  continually  weaker,  while  tliat  ueartJie 
anode  continually  increanes  in  strength.  So  that  with 
horizontal  electrodes  blue  streaks  can  be  seen  descend- 
ing when  the  anode  is  made  the  upj)er  plate;  while  if 
the  katliode  is  above,  the  upper  layers  of  the  liquid  be. 
come  colorless.  When  platinum  electrodes  are  used,  Uie 
liquid  becomes  gradually  weaker  at  both  electroiles,  bnt 
it  weakens  two  or  three  times  as  fast  at  the  kathode  as 
at  the  anode.  This  result,  due  clearly  to  the  migrution 
of  the  ions,  was  explained  by  Hittorf  il853)  upon  the  hy- 
pothesis that  difl'erent  ions  travel  through  the  liquid  at 
ditferent  rates;  this  rate  for  the  S0«,  for  example, being 
greater  than  that  for  the  Cu.  Kohlrausch  has  ► 
lueutally  confirmed  this  view,  and  has  shown  tLat 
ion  has  its  own  rate  of  motion  in  a  giveu  liquid,  indepen- 
dent of  the  particular  ion  with  whicli  it  may  have  hem 
combined.  Moreover,  he  has  proved  that  hydrogen  travels 
faster  than  any  other  ion,  its  speed  in  nearly  pure  water, 
under  a  fall  of  potential  of  one  volt  jier  liucjir  centimeter^ 
being  about  1'08  centimeters  per  hour ;  that  of  potassium 
untler  similar  circumstances  being  0*205  centimeter,  of 
sodium  0*126  cm.,  of  lithium  0*094,  of  silver  0*166,  of  chlo- 
rine 0-213,  of  ifxline  0*216,  and  of  N0»  0174  centimeter.  It 
is  upon  the  sum  of  the  speeds  of  the  two  opposite  io«» 
that  the  conductivity  of  a  liquid  depends;  and  therefore 
acids  which  are  hydrogen  compounds  haven  higher  con- 
ductivity than  their  salts. 

«47.  Theory  of  Electrolysis, — One  of  the  fnudamen- 
tal  facts  of  electrolysis  is  that  the  products  of  the  decou- 
position  appear  only  at  the  electrodes,  no  such  pHnliicts 
being  set  free  within  the  electrolyte  itsolL  The  first 
attempt  to  account  for  this  fact  was  made  by  Grotthus 
(1805).  who  supposed  the  molecules  of  the  electrolyte, 
KCl  for  instance,  to  be  arranged  in  rows  between  the  elec- 
trodes, their  positive  faces  being  turned  toward  Uie  kv 
thode  and  their  negative  faces  toward  the  anode  (Fig.  316V 
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Thft  end  molecules  in  immediate  contact  with  the  elec- 
trodes are  first  decomposed,  the  anion  Gl  escaping  at  the 
anode  and  the  kathiou  K  at  the  kathode.  Then  the  kathiou 
of  the  end  molecule  on  the  positive  side  combines  with  the 
anion  of  the  next  contiguous  molecule ;  and  the  anion  of 
the  end  negative  molecule  combines  with  the  kathion  of 
the  molecule  next  to  it;  a  series  of  successive  deconipo- 
eitious  and  reconipositions  taking  place  along  the  entire 
line,  and  resulting  in  the  liberation  of  free  ions  only  at 

I  the  electrodes.  This  theory  is  insufficient,  since  it  re* 
f  quires  a  finite  force  to  effect  the  decomposition  within 
the  electrolyte  ;  and  no  such  force  has  ever  been  observed, 
the  experiments  of  von  Helmholtz  proving  that  the  inte- 
rior of  an  electrolyte  can  stand  not  the  slightest  electro- 
static stress.  Hence  Clnusius  (1857)  modified  the  theory 
by  introdncing  into  it  certain  considerations  based  on 
the  kinetic  theory  of  matter.  He  supposes  that  by  colli- 
Hiou  of  the  moving  molecules  of  the  electrolyte  st>me  of 
them  are  dissociated  or  separated  into  their  ions,  and 
that  it  is  these  dissociated  and  charged  ions  alone  which 
are  influenced  by  the  electrodes.  Arrhenius  (1H87)  ex- 
tended this  view  of  the  subject,  and  showed  that  solutions 
of  salts  and  of  strong  acids  and  bases,  Le.»  those  Bub- 
Btances  which  constitute  the  chief  electrolytes,  contain 
these  substances  as  such  only  to  a  small  extent,  by  far 
the  greater  part  being  dissociated  into  ions.  The  physi- 
cal properties  of  a  solution  of  potassium  chloride  for 
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example,  such  its  its  osmotic  pressore  aud  tLe  depresski 
of  its  fieeziu^  poiut,  show  that  alniost  all  of  this 
Hplit»  up  iuUt  its  iouH  putasniuai  and  chloriue  ou  1>ei] 
di2)Molved.     It  is  these  dissociated  and  free  ions,  one  wt 
of  which  iw  positive  and  the  other  negative,  and  each  of 
which  carrii-s  the  wime  umnerieal  electiical  charge,  tli*l 
the  theory-  of  Knhlrausch  (1886)  supposes  to  act  in  pffe 
ing  electrolytic  trausference.     The  motion  of  these  ioi 
is  proportional   to   the  slope  of  potential    thnm^L  tlie 
liquid ;  but  for  a  >;iveu  slope  of  potential  and  a  p^Tii 
s(»lvent  eadi  ion  is  supposed  to  have  a  speed  of  r-  -  ' 
which  is  specific  to  itself.   The  actual  value  of  this 
for  certain  ions  has  just  been  given.     Electrolytic  coxh 
ducttou  then  appears  to  consist  of  an  actual  motiou  of 
free  and  charged  ions  ;  a  continuous  procession  of  jKJwi. 
tively  charged  katliions  mt>ving  toward  the  kathode, 
a  similar  procession  of  negatively  chargeil  anions  Iowa 
the  anode.     The  cJiuse  of  this  motiou  is  e^-idently 
difference  of  potential  at  the  electroiles.    And  wliou  ili< 
dissociated  ious  arrive  at  these  electrodes,  thediffer«-i 
of  potential  which  has  brought  them  there  may  or 
not  be  sufficient  to  separate  their  electric  charges  fr< 
them.     If  it  is,  the  cliarge  neutralizes  that  of  the  v\\ 
trode,  the  ionic  atoms  combine  with  others  of  the 
kind,  and  the  substance  is  evolved  in  the  free  stiite, 
it  is  not,  the  charged  ions,  accuiuulating  at  the  o]>posii 
charged  electrodes,  set  up  there  an  opposing  or  cooul 
electromotive  force  which  is  called  polarization. 

648.  Work  <lone  in  Klec(r<>l>Mm.  —  AccoriHng 
Faraday's  second  law,  equivalent  quantities  of  difiei 
electrolytes  are  decomposed,  and  equivalent  quaniil 
of  the  ions  set  free,  by  the  same  quantity  of  eleclri] 
tion.     But  since  the  amount  of  energy  absorbed  in 
decomposition  of  these  different  electrolytes  is  not 
same  for  tliem  all,  it  follows  that  the  work  tloiie  in  eB< 
ing  this  decomposition  cannot  be  the  same;  and,  theroft 
that  the  amount   of  work  done   in  any  circnit  bv 
coulomb,  for  example,  is  not  constant,  but  ilepends  uj 
the  nature  of  the  electrolyte  winch  it  traverses. 
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the  lieai-euergy  absorbed  iu  decoiuposing  M  graiuH  of 
ftn  electrolyte  is  e>'idently  MH^  in  which  //  is  the  heat 
absorbed  in  decomposing  one  C.  G.  S.  unit  of  mass  ; 
and  the  work  done  iu  this  decomposition  is  MHJ 
joulesi.  On  the  other  hand,  the  elcctricnl  work  done  iu 
any  circuit  is  always  equal  to  the  ]jruiluct  of  the  quantity 
of  electritication  transferred  and  the  fall  of  potential  iu 
the  circuit ;  i.e.,  to  EQ.  Since  tt^  decompose  M  grams 
of  an  electrolyte  would  require  Qy  cuulonibti  {y  being 
the  electrochemical  equivalent  iu  grams  per  coulomb) 
■we  have  the  equation  EQ  =  IIJyQ\  or  E=  IlJy.  Iu 
other  words,  the  work  in  joules  which  is  required 
to  effect  tlie  decomposition  of  one  electro- 
chemical equivalent  of  an  electrolyte  repre- 
aents  numerically  the  difference  of  potential 
ilk  volts  which  exists  between  the  electrodes. 
Consequently,  to  obtain  the  potential-difference  in  volts 
necessary  to  decompose  a  given  electrolyte,  it  is  neces- 
sary only  to  calculate  the  energy  absorbed  iu  its  decom- 
position— or,  wliat  is  the  same  thing,  the  energy  set  free 
in  forming  it — expressed  iu  joules. 

ExAMPLKs.— Thus,  for  example,  thoheat  of  cotnbinntion  of  hydro- 
gen with  oxy^'t'ii  is  JMldO  wuter-^ram-dcjt^eeii  per  gram.  Sincu  its 
el«ctrocbeaiicHl  equivalent  is  10*38  microgmms  or  0*00001038  gram 
per  coulomb,  llie  hent  of  devompoaition  of  one  elect rocheniioal 
«>quivalent  of  water  is  0*355  w.  g.  d.  And  since  one  w.  g.  d.  is  equal 
to  4*2  joules,  0'3ri5  w.  p.  d.  =  0*355  x4'2  or  I  49  joults.  Honee  the 
difference  of  ])oiential  required  to  decompose  water  is  1*49  volt& 
iA^as  than  this  fuilu  to  do  so. 

Again,  wht^n  zinc  disKulves  in  .sulphuric  ncid,  the  riUue  of  H\% 
1570  w.  g.  (i.;  and  since  y  U  •0003;^67,  the  vahje  of  UyJ  is  1670  x 
•0009367  X  4-2  or  2'36  j-mles. 

When  copper  diss4)!ves  in  sulphuric  acid,  H  has  the  value  909'5 
sad  y  the  value  •0003270.  Whence  HyJ  \\?i&  a  value  of  009*5  x 
•0003279x4  2  or  1252  joules. 

If  now  in  any  process  zinc  is  dissolving  in  sulphuric  acid  and 
copper  i»  being  deposite*!  from  sulphuric  acid  at  ttie  same  time,  the 
work  dt>no  is  positive  in  the  first  case  and  negative  in  the  second, 
and  Ibc  difference,  or  2'3C0  —  1  "iX^'i  joules,  Ls  1  108  joules.  ConB«- 
qnently  the  potential-difference  between  the  copi>or  and  zinc  will  be 
1-108  voIU. 
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(6)  Con\}€r8ion  of    Chemical    Energy    into    Etedrokivetic 

Energy. 

040.  Froiluvtion  of  Electrical  Knotty  tteni  C'hcm- 
icjil  Energy, — lu  ftlectrolysit*,  work  is  done  upon  [lie 
electrolyte  by  the  eurreut,  aud  the  electrical  ener;^-  ex- 
{tended  Appears  as  chemical  euerf:^'  iu  the  separated  ion*. 
Couvereely,  the  chemical  energy  of  i^purated  ioius  iu»y 
be  transformed  into  electrical  fuergj*.  ThuH  for  CTen 
electrochemical  equivalent  of  au  element  which  goes  mlo 
combination,  one  coulomb  of  electrification  becomes 
free.  The  potential  under  which  it  is  sot  free,  since  the 
quantit}*  of  electriiication  is  unity,  is  represented,  as  aliore 
stated,  by  the  heat-energy  evolved  by  tlie  union,  ei* 
pressed  iu  joules.  Thus,  for  example,  when  one  electro- 
chemical equivalent  of  zinc,  336'7  micrograms,  dissdlvesiD 
sulphuric  acid,  the  heat-energy  set  free  is  2*36  joulesw  If. 
however,  the  energy  evolved  in  this  chemical  actioalie 
electrical,  it  is  represented  by  JiQ,  and  its  value  is  also  1' 
joules.  Hence,  since  Q  is  unity,  the  potential-differe 
developed  is  2*3(1  volts,  as  a  maximum.  This  production 
of  electrical  energy  by  means  of  chemical  action  W 
given  origin  to  various  devices  for  the  purpose,  called 
hydro-electric  batteries. 

050.  Volta's  Theory  of  Contact. — By  means  of  h\A 
condensing  electroscope,  Volta  proved  that  when  two 
di^erent  metals  are  brought  into  contact  and  then 
separated,  they  are  both  eqnally  charged,  but 
opposite  electrifications;  zinc,  for  example,  under  th 
circumstances  becoming  positive,  and  copper  negati' 
Since  this  difference  of  potential  produced  by  contact 
developed  whenever  any  two  dissimilar  subHtances  whftl^ 
ever  are  made  to  touch,  the  law  of  Volta  may  be  stated 
thus : 

Whenever  two  substances,  at  the  same  i& 
perature,  are  brought  in  contact,  a  finite  diffeT 
ence  of  potential  is  established  between  them, 
this  difference  of  potential  being  independent 
of  their  dimensions,  of  their  form,  of  the  extent 
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oi  the  surfaces  in  contact^  and  of  the  absolute 
value  of  the  potential  upou  either  of  them,  and 
dependent  only  upon  the  chemical  or  physical 
characters  of  the  substances  themselves,  and  the 
medium  in  which  they  are  immersed. 

The  mechanism  of  this  eleotritication,  according  to 
Lodge,  may  be  thus  stated:  Assuming  with  von  Heliii- 
hultz  that  all  substances  have  a  specific  attraction  for 
electricity,  but  in  ditfcrent  degrees,  a  piece  of  zinc  and  a 
piece  of  copper  in  air  will  attract  tlie  negatively  elec- 
trified oxygen  atoms  diflferently,  the  zinc  more  than  the 
copper.  A  fit>w  of  oxj'gen  atoms  to  both  plates  will  take 
place,  and  the  union  between  them  will  set  free  the 
;ative  charges;  tliis  process  going  on  until  the  zinc 
well  as  the  copper  becomes  so  highly  charged  nega- 
tively that  the  action  ceases.  Because  therefore  the 
attraction  of  the  zinc  is  the  greater,  its  charge  will  be 
the  greater,  its  negative  potential  continually  rising.  As 
a  matter  of  fact,  a  plate  of  zinc,  insulated  in  air,  has  a 
poteutial  18  volt  below  that  of  the  surrounding  atmos- 
phere ;  while  a  plate  of  copper  has  a  jiotential  only 
about  0*8  volt  below.  In  consequence  the  apparent 
difiference  of  poteutial  between  zinc  and  copper  in  air  is 
about  one  volt.  Whon  now  the  two  metals  are  made  to 
touch,  a  flow  of  electrification  takes  place  across  the 
junction,  until  the  potential-ilifierence  between  them  is 
equalized.  But  evideutly,  since  the  attractions  for  elec- 
tricity are  not  the  same,  the  charges  will  not  be  simul- 
taneously equalized.  The  zinc  will  remain  positiveh-, 
Ihe  copper  negatively,  charged,  although  both  are  at  the 
same  potential.  The  apparent  difference  of  poteutial 
between  ziuc  and  copper  in  air,  as  observed  in  Volta's 
expenment  and  in  the  still  more  refined  oue  of  Lord 
Kelvin,  is  due  to  the  fall  of  potential  in  the  air  near  the 
metals.  Since  the  zinc  is  1*8  volt  below  the  air  and  the 
copper  0*8  volt  below,  the  metals  when  in  contact  are 
evidently  1*3  volt  below,  this  being  the  mean  difiference; 
the  original  potential-difference  between  each  metal  and 
the  air  in  contact  with   it   remaining   unchanged.     In 
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oonseqaeuce  there  is  a  fall  uf  putentia]  of  one  Tolt  {ron 
the  air  in  contact  with  the  ziuc  to  the  air  iu  contact  willi 
the  copper.  This  is  what  the  elrctroineter  indiealei^ 
and  which  is  ordinarily  called  the  poteutial-difFtfreaoe 
between  ziuc  and  copper.  In  air  no  further  effevt  takes 
place ;  .since  the  air,  being  a  dielectric,  is  simjilj  thrown 
into  a  slight  eiectrostatic  strain  bj  the  opposite  charge;* 
ou  the  two  uietjils. 

If,  however,  the  two  metals  be  immersed  in  au  elec- 
trolyte, the  result  is  quite  different,  since  there  are  in 
the  liquid  the  potentially  free  or  dissociated  ntoiiid 
necessary  to  electrolytic  conduction.  A  proce88iiiD  of 
negatively  charged  atonis  continually  uiores  ti3wur<l  th« 
positive  xinc,  and  one  of  positively  charged  atoms  toward 
the  ne^jitively  charged  copper,  thus  preserving  the  zinc 
continually  at  a  negative  potential  and  the  copper  at  a 
positive  one  ;  so  that  on  connecting  the  njrtals  by  meaoit 
of  a  conducting  wire  outside  of  the  liquid,  a  current 
fioTTS  from  the  copper  to  the  zino  plate  through  tlii» 
wire. 

By  assuming  then  an  attraction^  either  between  the 
atoms  of  matter  themselves,  or  between  these  atoms  »&<! 
electricity,  it  follows,  since  every  free  atom  has  its  own 
charge,  thut  an  isolated  substance  must  be  chargeri  and 
have  a  j)oti»utial  different  from  that  of  the  surronncliog 
medium ;  the  energy  of  this  charge  being  derived  from 
the  potential  energy  of  the  attracting  system.  Aai 
fui'ther,  that  when  two  such  conducting  substances  an 
immersed  in  an  electrolyte  and  placed  in  contact,  tfas 
chemical  potential  energy  of  the  system  is  continoallj 
converted  into  the  potential  electrical  energy  of  the 
termiuuls,  luid  this  again  into  the  kinetic  energy  of  cui^ 
rent  flow.  In  the  external  circuit  this  energy  appean 
as  heut,  light,  mechanical  motion,  etc. 

051.  VoltaN  Contact  Series. — Metals,  like  othei 
electrics,  may  Iw  classed  in  a  series  in  the  order  of  their 
electrochemical  characters.  Moreover,  the  potential* 
differences  in  air  between  them  may  be  measured  and 
the  soneft  may  be  made   quantitative.    The  folloiritig 
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table  gives  tbene  contact  potiiutiHl-differences  for  various 
sabstauces  as  observed  by  Ayrton  and  Perry  at  a  tem- 
perature of  18°.  The  values  with  an  asterisk  were  ob- 
tained by  calculation  ;  tliose  without,  by  direct  experi- 
meut. 


CONTACT  POTENTIAL-DIFFERENCES  IN  AIR  IN  VOLTS 

Carbon.  n&tluuiD.  Copper.          Iron.  U>ad.  Zlnit 

Ciirboii 0            Olia*  0  870       0-485*  0  858  l■0»^ 

PIttiiuum -  0118*          0  0  33»        0  369  0-771  0  981 

Copj>er —0  370  -  0-2;W  0          OHO  0*543  0  7.50 

Iron -0  4«5*  -0a69  -01-46            0  0-401*  0 -600* 

Lead -0858  -0771  -0-542  -0  401*          0  0*210 

Ziuc -  I0tt6  -0981  -0-750  -0  6UO*  — 0-210        0 

In  this  table  the  positive  character  of  the  subBtauces 
named  increases  from  above  downward  and  also  from 
left  to  right ;  carbon  being  the  most  stronglj'  negative 
(or  least  strongly  positive),  while  zinc  is  most  strongly 
positive.  A  minus  sign  indicates  that  the  substance 
luiiued  above  it  is  negative  to  the  substiiuce  named 
to  the  left  of  it.  Thus  platinum  is  negative  to  iron. 
Moreover,  the  poteutial-ditterence  between  any  two  sub- 
stances in  the  table  is  ver}'  nearly  the  .sum  of  the 
intermediate  differences  of  potential.  Thus  the  poten- 
tial-difference between  carbon  and  lead  is  that  between 
carbon  and  platinum  —  0*113,  ]>lus  that  between  plati- 
num and  copper  —  0*238,  plus  that  between  copper  and 
[•iron  —  0*146,  plus  that  between  iron  and  lead  —  0*401, 
vhich  18  —  0*898  ;  which  is  as  near  —  0*858  as  could  be 
expected,  the  metals  meaHured  being  those  of  commerce. 

052.  t4iw  of  Siiovessivo  Cuiitncts. — We  may  rep- 
resent cuuventionally  tjie  potential-difference  between 
two  substances  A  and  B  by  the  symbol  A  \  Ii\  in  which 
the  positive  substance  is  placed  on  the  right,  and  the 
numerical  value  of  the  expression  is  the  excess  of  this 
pot<>ntial-difference;  as  for  examjile  Pt  |  Fe  =  0*369  volt 
Evidently  the  dissimilar  substitnces  thus  placed  in  con- 
tact may  be  of  any  kind  wlmtevor  ;  not  only  may  they 
be  two  metals,  but  also  two  liquids,  a  metal  and  a  liquid, 


760 


PHYSICS, 


and  even  two  pieces  of  the  sume  metal  at  different  ten- 
peruttires.  If  uow  we  write  in  this  way  a  namber  of 
metals  connected  in  series,  tbas  : 

Pt  I  Cu  +  Ou  I  Fe  +  Fe  I  Pb  +  Pb  I  Zn  =  R  I  Zn, 

we  express  the  fact  al>ove  stated  that  tbe  extreme  poten- 
tiHl-diffi.^reiice  Ft  |  Zu  is  simply  the  sum  cif  the  mt;Aii 
potential-diiferences  in  the  series.  Since  these  are  n^- 
spectivelj  -  0"238,  -  0*146,  -  0'401,  and  —  0'210.  their 
sum  —  0'995  is  very  closely  —  0-981,  the  value  gi\ 
Ft  I  Zn.  So  that  if  the  same  metal  teruiiuate  boti 
of  the  series,  it  follows,  inasninch  as  JS^  |  A^—A\E^ 
that  the  difference  of  potential  between  tiiese  ends  is 
zero  ;  thus  : 

A\B'\-H\C-\-C\D+D\E^ +  N\A  = 

Hence  it  results  :  Ist,  that  when  several  metals  forn 
a  contact-series  the  potential-difference  betweeo 
the  extreme  members  of  the  series  is  the  same 
as  if  these  metals  were  in  direct  contact;  &ud 
2(1,  that  when  a  series  of  metals  all  at  the  same 
temperature  forms  a  closed  circuit,  the  alpe- 
braicsum  of  the  potential-differences  in  that 
circuit  is  zero  ;  and  hence  there  can  be  no  current 
through  the  circuit. 

The  conditious  are  changed,  however,  when  the  tei&- 
))erature  of  one  of  these  contacts  is  altered,  or  when  tU 
dissimilar  mntals  constituting  the  ends  of  the  series  are 
immersed  in  an  electrolyte.  In  the  former  case  a  nev 
difference  of  potential  is  developed  in  the  circuit  is 
virtue  of  the  Peltier  effect ;  and  this  produces  a  tl  ■ 
electric  current  In  the  latter  case  a  chemical  '^^ 
of  energy  iuter^'enes,  as  we  have  already  shown  ;  a  new 
potential-difference  being  thus  produc*^d  on  these  lei 
nal  plates,  thereby  causing  a  hydro-electric  current 
the  closed  external  circuit. 

053.  Hydro-electric  Generators.— T<»ltaic  Cells. 
a  number  ol  ^a.\is  oV  TAUii  \iMCiL  wy^-^x  ^k\ssk=l  be  an 
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&lt6ruately  iii  contact,  the  p(*teutiHl-differeut'e  of  the 
combination  will  evidently  be  that  of  a  Hiugle  pair  only ; 
or  if  an  additioual  disk  bo  uddmi  to  make  the  terminal 
metals  the  name,  this  poteutiul-difiereuce  will  be  zero. 
Bnt  now  if  an  electrolyte  be  placed  between  each  pair  of 
iliska,  the  differejice  of  potential  will  increase  with  the 
number  of  pairs.  In  1800,  Volta  himself  constructed  a 
^^euerator  upon  tliL".  plan,  using  for  the  purpose  disks  of 
eilver  and  of  ziuc,  each  pair  being  separated  by  a  disk 
of  floth  moistened  with  salt  water,  the  silver  disks  all 
facing  ia  one  direction  and  the  zinc  disks  in  the  other. 
Owing  to  its  form,  the  disks  being  piled  one  on  the 
other,  the  apparatus  became  known  as  Volta'a  pile;  the 
term  voltaic  cell  being  applied  in  later  years  to  similar 
arrangements  using  litpiidH,  and  voltaic  battery  to  a 
group  of  such  cells  counect«jd  together.  Ah  the  pressure 
of  the  upper  portions  of  the  column  in  Volta's  pile 
forced  the  liquid  out  of  ihe  cloth  disks  in  the  lower 
portions  and  so  impaired  the  effect,  Volta  constructed 
auother  battery  by  placing  the  disks  in  a  series  of  glass 
cu])s,  the  silver  disk  in  each  cup  being  joined  by  a  wire 
to  the  zinc  disk  in  the  next.  If  dilute  sulphuric  acid  be 
used  as  the  electrolyte,  the  difference  of  potential  fi)r 
each  cell  will  be  about  one  volt 

H54-.  Polarization. — Suppose  a  plate  of  ziuc  and  one 
of  copper  to  be  immersed  in  dilute  sulphuric  acid.  The 
negative  ion  SO,  will  be  set  free  on  the  zinc  surface, 
combining  with  it  to  form  ZnSO,  and  charging  it  nega- 
tively. The  positive  ion  H  will  be  set  free  on  the  copper 
surface,  and  will  escape  as  free  hydrogen,  charging  the 
plate  positively.  If  a  wire  be  made  to  connect  the  two 
plates,  a  current  will  How  through  it,  the  energy  ex- 
pehded  coming  from  the  conversion  of  the  ziuc  into  sul- 
phate. Inasmuch,  however,  as  the  solution  of  zinc  in 
sulphuric  acivl  is  capable  of  giving  a  poteutial-di£ference 
of  2*36  Vi»ltH  (t>49),  while  in  fact  the  potential-difference 
between  the  zinc  aud  copper  plates  in  the  above  cell  is 
only  about  one  v<dt,  it  is  evident  that  this  evolution 
of   hydrogen  upon  the  copper   plate  has  developed  a 
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couuter-electroniotive  force  of  about  1'3G  volta.  The 
productJou  iu  u  voltfiic  cell  of  an  electroiuotive  force  con- 
trary to  that  normal  to  tho  action  going  on  withiu  it,  and 
therefore  weakemiig  the  current,  is  called  poUhxaUoa 
(647),  Moreover,  the  hydrogen  exerts  also  ft  uaeclmnical 
action  in  \*irtue  of  its  gaseous  state.  It  covers  the  cop- 
per surface  with  a  uou-coiulucting  gaseous  layer,  whitb 
prevents  contact  with  tlie  litjuid  to  a  greater  or  le«s 
degree^  and  tliua  iucreuHes  the  renifttance  of  the  Ml 
Since  by  Ohm's  law  the  current  iu  any  circuit  vaheMu- 
versely  as  the  resistance  in  it,  the  current  yielded  bj 
such  a  battery  rapiiUy  falls  in  strength  after  the  circuit 
is  closed,  liaising  the  plates  out  of  the  liquid  frees 
their  surfaces  from  the  gas,  and  thus  restores  tL«ir 
action  on  subsequent  immersion, 

Otld.  C'oiistuut  Voltaic  Cells.—  Such  cells  as  those  jofit 
described  fail  to  furnish  a  constant  current  Thev  may 
be  made  to  do  so,  however,  by  surrounding  the  pin'  ^ 
which  the  hydrogen  is  set  free  by  some  solution  i  ; 
of  cheniically  absorbing  this  gas.  Duniell  in  1836  pro- 
posed the  use  of  copj>er-fiulphate  solution  for  this  purp*r»*<\ 
The  Daniell  cell  consists  of  a  glass  jar  contjiinLug  dilute 
sulphuric  acid  iu  which  the  zinc  is  pbioed  ;  and  of  a 
smaller  jar  witlnn  this,  made  of  porous  earthenware,  aad 
containing  a  saturated  soludon  of  copper  suIpliMlf, 
within  which  the  copper  plat^  is  placed.  AVhen  tlie  cell 
is  in  action,  copper  is  tleposited  continually  on  the  copper 
plate  and  the  polarization  is  practically  zero.  In  onler 
to  avoid  the  resistance  of  the  porous  cylinder,  C.  A 
(1855)  proposed  to  keep  the  two  solutions  separ.*.,  .  , 
the  action  of  gravity,  in  ^nrtue  of  tJieir  diflferiug  deiisitie& 
The  g^vity  cell  consists  of  a  glass  jar  having  ropivor. 
sulphate  crystals  at  the  bottom,  surniundiug  the  copinT 
plate.  Upon  this  saturated  solution  rests  the  lighter 
dilute  sulphuric  acid  in  which  the  zinc  is   aus]>' 

On  closed  circuit,  the  zinc  dissolves  to  form  ziuc  sul: 

and  the  copper  of  the  copper  sulphate  is  deposited  ou 
the  copper  plate;  so  that  there  is  a  slinrp  liue  of  detoar- 
katiou  beiviGeicv  Wxe  *=aA\x\\o\v3i,  y>iui  the  copper 
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toes  not  come  in  direct  contact  with  the  zinc  plate.  It 
easential  to  the  proper  working  of  this  cell  that  it  be 
:ept  ou  closed  circuit. 

Grove  in  18:^9  suggested  nitric  acid,  and  PoggeudorflT 
1842  suggented  chromic  acid,  as  the  depolanzing  sub- 
stance. In  the  Grove  cell,  the  kathode  is  of  phitiinirn, 
id  it  in  immerHCnl  iu  nitric  acid  coutained  in  a  pnmu.s 
ip;  while  the  zinc  plate  or  anode  Ih  pluuged  iu  dilute 
iiilphuric  acid  contained  iu  an  outer  jar.  Bunseu  in 
L842  substituted  carbon  for  the  platinum  ;  aiul  snbse- 
[aeutlj  employed  chromic  in  place  of  nitric  acid.  In 
bhese  cells  the  hydrojrpu  cnmbiiies  with  the  loosely  held 
ixygen  of  the  nitric  or  chromic  acid,  which  surrounds 
ihe  kathode ;  and  thus  preserves  the  contact  with  the 
liquid. 

Iu  the  Leclanche  cell,  the  kathode  is  of  carbon,  and 

is  surrounded  with  a  mass  of  solid  manganese  dioxide, 

'his  is  reduced  by  the  hydrogen  evolved  during  the 

;tiou  of  the  cell,  and  therefore  acts  as  the  depolarizing 

^ent.     The  zinc  is  immersed  in  a  solution  of  ammonium 

'ehloride;  and  as  this  is  neutral,  it  exerts  no  action  until 

the  circuit  is  closed.     Honco  this  form  of  cell  is  largely 

ised  for  open  circuit  work,  such  as  call-bells,  telephones^ 

Eiuid  the  like. 

In  the  Lalande-Chaperon  cell,  an  improved  form  of 
Mrhich  has  been  introduced  in  this  country  by  Edison, 
the  kathode  consists  of  a  compacted  plate  of  copper 
oxide,  the  exciting  liquid  being  a  moderately  strong 
solution  of  potassium  hydroxide.  The  zinc  dissolves  in 
the  alkaline  solution  and  the  cop|>er  oxide  is  reduced  to 
metallic  copper  by  the  evolved  hydrogen.  This  cell  is 
remarkably  free  from  local  action,  and  has  a  very  low 
linternal  resistance. 

65«.  Local  Aeiinn. — Theoretically,  there  should  be 
[do  consumption  of  zinc  in  a  voltaic  cell  when  it  is  yield- 
ing no  current     In  fact,  however,  whenever  commercial 
[C  is  placed  iu  dilute  acid,  the  evolution  of  hydrogen 
[tit  once  begins.     Tliis  is  due  to  inefpmlities  in  the  zinc, 
^either  physical  or  chemical,  one  portion  of  the  zinc  being 
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more  positive  than  auother;  aud  bo  a  voltaic  octiouU 
Hct  up  locally  betweeu  udjaceut  portions  of  thr  ziuo 
plate.  This  local  action  may  be  preveuteil  Kr  <Tfaeriut; 
the  zinc  eurfjice  witli  mercury,  or  Ainal^uiuatiu^  it,  a»  it 
is  termed  ;  by  which  all  parts  of  it  are  redni'^ii  to  elM- 
trioal  equality  and  uo  solution  of  the  zinc  tnkeM  t^ 
t>pen  circuit.  lu  all  cells  usiu^  »ci<l  or  alkaliuv 
iu  coutjict  with  the  zinc,  ainalgHmation  is  an  advantage. 
lu  general  the  term  ''  local  action  '*  is  applied  Ui  kuv 
changes  going  ou  in  a  cell  on  open  circuit  which  reduce* 
the  potential  energy  of  the  cell. 

UA7.  Mtandurd  Cells. ^It  is  eouveuieut  to  have  i 
concrete  standa^i.  of  electromotive  force,  for  determiD- 
ing  relative-  values  of  thia  unit  by  direct  comparisoiL 
Such  voltaic  cells  as  are  used  for  this  purpose  are 
called  standard  cells.  Two  types  of  standard  cella  have 
been  employed — tie  Dauiell  cell  and  the  Clark  cell. 
The  best  form  of  standard  Daniell  cell  is  that  ilt»- 
vised  by  Kelvin  (1871).  A  short  and  rather  wide 
glass  jar  contains  at  bottom  the  zinc  plate  immersed 
iu  saturated  zinc-sulphate  solution.  Above  this  Uie 
copper  plate  is  suspended;  the  half-satnrated  Boltt- 
tiou  of  copper  sulphate  which  is  to  cover  it  being  in- 
troduced from  an  exterior  funnel,  connecting  with  & 
siphon-tube  terminating  horizontally  within  the  jar  at 
the  surface  of  the  zinc-sulphate  solution.  Bv  misiof! 
the  funnel  the  liquid  it  contains  flows  into  the  jar  aod 
rests  upon  the  heavier  zinc-sulphate  solution.  At  the 
conclusion  of  the  experiment  the  fuuuel  is  lowered  and 
the  liquid  flows  back  into  it.  The  electromotive  forre 
of  this  cell  is  1-072  volts  at  15**;  and  its  temperatar«- 
coefficient  is  practicjilly  negligible,  Motliflcatious  of 
this  battery  have  been  propow^l  113*  Lodge,  by  FlemJug, 
and  by  the  author.  The  Latimer-Clark  cell  (1873). 
as  modified  subsequently  by  Rayleigh  (1885)  aD»l  br 
Carhart  (1890),  consists  of  a  glass  tube  having  a  platiuau 
wire  sealed  into  its  lower  end,  into  which  is  poured  puw 
mercury,  then  a  paste  made  of  mercnrous  sulphate  anil 
z\nc-au\pWlft  ^rA.\v\;\ou  (^^wca^ted  at  0"')    coutaiuiiii:  a 


little  zinc  carbonate.     Upon  this  j>.asto  rests  a  saturated 
!     asinc-Hulphute  Kolutiou,  and  the  zinc  cylinder  is  supported 
■'by  a  cork  partly  in  the  solution  and  partly  in  the  paste. 
The   tube  is  then  filled  with  marine  glue.     The  electro- 
motive force  of  the  Kayleigh  ceil  is  \'4'il  volts,  and  that 
Kof  the  Carhart  cell  1-442  volts,  both  at  15°.     The  tern- 
j>erature-coefticieut  of  the  Curhart-Clark  ct*Il  is  0*0004 
at  U''.     The  Clark  form  of  cell  on  account  of  its  material 
ailvautages  has  been  generally  adopted  iu  practice. 

658.  Kriencyof  tlu^  V*oltalc  Cell.  —  The  potential- 
^fference  between  the  terminals  of  a  voltaic  cell  may 
in  cerbiiu  cases  be  culculuted.  In  tli^'Duniell  cell,  for 
example,  this  potentiul-dilTerence  is  Ae  alfrpbraic  sum 
[-of  the  separate  contact  puleutial-diiTereuces  Detween  the 
[-isonstitueuts.     Arranging  these  thus  we  have  : 

CuSOi  I  Cu  +  Cu80«  I  ZuSOi  4-  Za  |  inSOi  +  Ou  |  Zo 
+  0070  -0-095  +0480  -f  OTW    =1155 

le  Bum  of  the  separate  contact-tlifferences  of  potential, 

lerefore,  according  to  Ayrton  and  Perry's  tables, 
1'15.5  volts,  while  the  actual  potential-difference  of 
ihe  cell,  measured  directly,  varies  from  1*(»68  to  1"08L 
Moreover,  the  potential-difference  may  also  be  calcu- 
lated from  the  energy  of  the  zinc  consumed.    The  quantity 

\t  electrification  set  free  by  the  solution  of  one  electro- 
chemical equivalent  of  zinc  in  acid  is  one  cf>uloiub ;  but 
[the  energy  set  free  iu  this  operation  is  2'3G  joules;  i.e., 

*36  vult-coulombs.  That  is  to  say,  the  one  coulomb 
[to  generate  tliis  energy*  must  fall  tliroiigh  a  potential- 

lifference  of  2*36  volts.  In  the  same  way  one  electro- 
chemical equivalent  of  copper  sets  free  one  coulomb  of 
lelectrification,  but  1*252  joules  of  energy;  whence  the 

lie  coulomb  must  fall  througli  l*2o2  volts.  In  the 
[Daniell  cell,  the  zinc  is  dissolved,  but  the  copper  is  de- 
posited. The  work  in  the  former  case  is  positive,  and 
lin  the  latter  negative,  The  difference,  or  1*108  volts,  ia 
therefore  the  effective  potential-difference  of  the  cell. 
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A   Hirailar   calculation  may  he  rua<le  for   the  Qmve 
cell     AiTongiiig  the  poteotial-dilTereuces  aH  follows : 

UNO,  I  Pt  -f  H,SO,  I  HNO,  -f-  Zn  |  H»SO,  +  Pt  |  Zn 
-f  0-673  -i-0  078  -H>a4l  -fOWl     =\Vt% 

we  see  that  tlieir  sum  gives  1*972  vfilts  as  tlie  potentiftl- 
differeiuie  of  the  entire  cell ;  while  the  value  ah  obt«ibed 
ex|)eriu]outally  '\»  about  1*94  volts. 

05W.  Tlierinul  ConHiderationN.— In  the  ca<ve  <.J  ft 
voUnir  cell,  we  have  assumed  that  I:Q  =  JIflJ;  Le., 
that  the  electrical  eu&rgy  produced  is  equal  tu  tiM 
oheniical  energy  ex])end«'d.  Vou  Helmholtz  has  poiutwl 
out,  however,  that  tliis  is  true  ouly  wheii  the  electro- 
motive force  of  the  cell  ib  independent  of  temperature; 
i.e.,  when  it»  teniporature-coefficieut  is  zero.  lu  the 
Daiiiell  cell,  tliis  in  practically  the  fact ;  and  lieiice  the 
electromotive  force  calculated  by  the  above  equatiou  ts 
closely  identical  with  the  observed  value.  Since  iii  thin 
equation  M  =  Q)\  we  have  /i=JHy;  or  4*2/y>*.  ev 
pressed  in  joules  per  water-gram-degree.  But  y  =  lO-SSc, 
where  e  is  the  chemical  equivalent  of  the  ion  ;  and  Hy 
=  10*38//e;  or  cnlliug  lie  the  heat  of  combination  A  of 
one  chemical  c<|uivalent  of  the  ion,  we  have  Zi'=  4'2  X 
10*38//  =  44A  microvolts.  If  in  this  equation  ii'bo  madd 
equal  to  unity,  h  =  1  '44  or  -02272.  Hence  -02272  water 
grum-degree  corresponds  to  one  microvolt  or  227B0 
wftter-grani-degrees  to  a  volt.  From  thermodynnirr 
siderations  von  Helnilioltz  writes  the  aixive  pqu;.; 
=  •00(>044A  ±  T{dE/dT) ;  in  which  tlie  added  term  rep- 
resents an  electromotive  force  existing  as  a  fn-  '  " 
of  the  absolute  temperature  7',  and  wliidi  may  act  ■• 
in  opposition  to  the  normal  one.  Recent  researches  haw 
made  it  probable  that  this  is  a  Peltier  etfcct  produced 
when  the  current  traverses  the  junctions  in  the  batt^rr. 
either  of  metals  with  liquids  or  of  liquids  with  each  other. 
Thus,  for  example,  the  observed  electromotive  force  of 
a  cell  Pb  I  PbSO,  |  ZnSO,  |  CuSO,  |  On  was  0  61  volt  lU 
20°;  "while  that  calculated  from  the  heats  of  formation  <>f 
lead   aT\A  co'^'^fev   sY^i^BAfts»  ^-ass  t^wly  0-.383.     Nmh   h: 
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direct  experiment  the  Peltier  effect  Cu  |  CuSO^  {  Cuwas 
foaud  to  be  000066,  aud  the  effect  Pb  ]  PbSO,  |  ZuSO,  | 
PbSO,  I  Pb  Mas  found  to  be  -  00011  volt.  The  ab- 
Nululu  teiuperature-eoeflicient  ilE/dT  for  both  is  '00077 
and  that  of  T(ilE/d  T)  is  '293  X  "00077  =  0225  volt  Now 
0*383  f  0-225  =  0-608  volt,  as  above, 

OtiO.  EiuTf^  of  the  Voltaic  Circuit. — Having  the 
potential-difference  J?  of  a  voltaic  cell  when  on  open  cir- 
cuit exprtissod  in  volts,  the  total  energy  expended  by  such 
n  single  cell  in  the  time  i  is  evideutlj  Eli  joulos ;  where 
I  is  the  current  strength  iu  amperes.  Or  as  Q  =  It,  we 
have  JV  =  EQ  joules.  For  a  battery  of  «  such  ceils  in 
l»eritis.  the  potential-difference  is  nE  ov  E'  and  the  work 

EQ  or  E'Qj  the  current  aud  time  remaining  constant. 
If,  however,  these  be  made  to  vary,  then  l»y  Ohn^s  law 
the  current  /'  produced  by  n  cells  in  seriea.  oarh  of  rcsiat- 
^ance  r,  the  external  resistance  i?.  remaining  constant,  is 
nE/{nT  -(-  Ht)  (608).  The  current  /'  produced  by  n  such 
<sellH  in  paraUel  is  nE/{r  -\-  nH,)  (609).  While  if  m  cells 
iire  arranged  in  series  and  n  in  ujultiple,  the  current  /' 
produced  is  mnE/{vir-\-nR^  (610).  Calculating  from 
these  formulas  the  values  of  E'  and  /',  the  total  energy 
expended  iu  the  circuit  will  be  the  continued  product 
El't'  joules. 

Since  the  work  done  iu  the  several  portions  of  a  eir- 
ouit  is  j)roportional  to  the  resistances  of  those  portions, 
the  total  energy  above  obtained  may  be  divided  into  two 
parts  :  one  the  useful  work  cvpended  in  the  external 
circuit ;  the  other  the  unavailable  energj'  expended  use- 
lessly as  heat  iu  the  battery  itself.  Calling  7?,  and  R^ 
these  two  resistances,  the  fall  of  potential  through  the 
external  circuit  will  be  ERJ{Rt-\'  R,),  while  that  iu  tlie 
battery  will  be  ERJiR,  +  7?,).  Hence  the  external  work 
^one  will  be  JVR,/(Rt  -{-  7?,),  the  internal  work   being 

WR,/{R,A- R,). 

That  arrangement  of  cells  in  a  battery  which  wil] 
produce  the  maximum  useful  effect  depends  upon  the 
resistanoe  of  the  external  circuit,  and  has  been  already 


764 


PHTBiaa. 


discussed  tinder  the  law  of  maximum  eflSciencj  (6 
TLe  rnte  for  maximum  current  Las  also  been  cousidei 

601.  Secondary  Batteries. — Gantherot  (1801) 
served  that  a  pair  of  platinum  -wires  aft^r  use  in  ei 
trolysi.s  was  capable  of  giving  au  inverse  current; 
Bitter  (1803)  constructed  a  pile  of  plates  difTering  £x 
the  pile  of  Volta  onl}'  in  the  fact  that  all  the  plates  w^ 
of  copper,  alternating  with  ilisks  of  moistened  cardbo« 
On  connecting  this  Bitter's  pile  with  the  Yolta  pile  fa 
short  time,  he  found  that  it  became  charge<l  and 
capable  of  producing  an  inverse  current.  Volta  (18 
explained  correctly  the  result  as  depending  upon 
decomposition  of  the  electrolyte  between  the  platen ; 
duo  in  fact  to  the  polarization  of  the  electrodes.  Pla 
(1860)  proved  the  exceptional  efficiency  of  lead  for  I 
purpose,  and  constructed  the  first  batteries  of  this  d 
which  were  commercially  useful.  Such  batteries 
termed  secondary  or  polarization  batteries. 

ErPEarMKNTs. — 1.  PUee  in  dilnte  Biilpbnric  Acid  two  fl«ii 
platOH,  aud  connect  them  with  two  or  moru  Danit'll  ct-lls  arrau|pn 
series.  MIkt  a  few  minutc-s  difjconnect  the  cells  nnd  pat  the  pi 
in  circuit  with  a  gHlvanometer.  A  current  wijl  traTcne 
galvanometer  in  the  inverse  direction  to  that  which  charged 
plates  ;  but  this  current  will  be  very  brief  in  duration. 

3.  Charge  the  plates  a  second  titne,  and  br  means  of  An  i 
trometop  measure  the  diff4*rence  of  fwtf-nlial  Ixnween  them.  It 
be  found  to  be  about  1-5  volta  ;  which  is  the  electn>motive  U 
between  oiygen  and  hydrogen. 

8.  Deposit  upon  one  of  these  plates  a  hiyer  of  peroxide  of  U 
by  raakiuff  it  the  anode  in  a  solution  of  lead  nitmte,  Immepir 
plate  in  dilute  snlphuric  acid,  together  with  tht*  hydro^^u  plat 
tlic  last  experiment.  The  difference  of  potential  beiwe^n  tbem 
be  found  to  be  the  same  as  before. 

4.  Place  two  platinum  platea  in  solution  of  lend  nitrate,  mot 
the  action  of  a  current  cover  one  with  metallic  lead  a- 

with  lead  pero.xide.     On  immersinR  ihom  in  diltiii5  st:  i 
the  potpntial-difference  will  be  found  to  be  uljout  two  volts. 

5.  Finally,  let  a  platinum  plate  rnvrred  with  le*d  |MToxid 
immersfd  in  dilute  sulphuric  acid  with  a  plate  of  araalgaata(«d  i 
The  potentinldifference  will  reach  a  value  aa  hiiEfh  as  8-5  volt*. 

0.  Place  two  lead  pintee  in  dilute  sulphuric  acid  and  connect  ti 
■with  several  Danioll  cells  until  gas  i«  evolved  from  tbna. 
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eonnect  them  with  a  galvanometer  of  moderately  high  resistance,  uud 
note  the  time  required  to  discharge  the  plates.  Reverse  the  connec- 
tion with  the  battery  and  charge  the  lend  plates  a  aeeotid  lime.  It 
will  now  bo  observed  that  the  time  of  discharge  \&  considerably 
gwittter  than  before.  By  a  repetition  of  this  process,  the  yield  of 
current  (i.e.,  the  storage  capacity)  is  continually  increased. 

In  all  these  cases  tlie  electrol^^te  is  decomposed,  its 
ions  being  carried  to  the  renpective  electrodes  and  either 
deposited  uprm  or  uuifced  with  them.  The  energy 
expended  by  the  current  is  stored  up  as  the  potential 
energy  of  the  separated  ioiia  ;  this  potential  energy  beiug 
re-couverted  into  the  energy  of  the  current  when  the 
circuit  is  closed  through  the  galvanometer;  whence  the 
name  storage  batteries,  or  accumulators,  applied  to  these 
cells.  Moreover,  the  work  done  in  separating  the  ions 
being  QE  joules,  the  current-energy  given  by  them  on 
reuniting  will  alrto  be  (Ji^' joules;  i.e.,  will  be  Q  coulombs 
under  a  potential-difference  of  E  volts.  Thus  the  energy 
vhich  must  be  expoiuled  iipou  nine  grams  of  water  to 
decompose  it  is  about  l-t^.'iOO  joules  ;  and  thiH  is  also  the 
energy  which  the  one  grain  of  liydrogen  it  contiiins  would 
evolve  on  uniting  with  the  eight  grams  of  oxygen.  But 
since  the  atomic  charges  in  the  nine  grams  of  water  are 
only  96340  coulombs,  it  follows  that  in  order  to  develop 
this  energy  the  fall  of  jKitouiial  should  be  about  1'49 
volts.  The  potential-difTerence  of  a  secondary  cell,  there- 
fore, depends  solely  upon  the  contacts  withiu  it ;  while 
the  amount  of  energy  stored  up  in  it  is  a  function  only 
of  the  mass  of  the  it-uis  deposited  upon  the  electrodes. 
The  energy  of  such  a  eel),  unlike  that  of  a  condenser,  is, 
in  joules,  the  entire  product  of  its  potential-difference  in 
volts  by  the  quantity  of  its  charge  in  coulombs;  or  in 
watt-hours,  is  the  continued  product  of  the  volts  by  the 
amperes  by  the  hours. 

OI>2.  Actual  Storage  Cells  or  Accumulaturs. — The 
secondary  or  storage  cell  of  Plants  consists  simply  of 
two  sheets  of  lead,  rolled  together  in  a  spiral  aiid  im- 
mersed in  dilute  sulphuric  acid ;  contact  being  pre- 
vented by  strips  of  rubber  placed  between  the  plates. 
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On  passing  a  cnrrent  through  snch  a  cell,  oxygen  is  ««i 
free  on  the  anode  and  unites  with  tt  to  form  penixiiie; 
while  the  hydrogen  evolved  on  the  kathode  redacts  ;iIj\ 
oxide  there  to  metallic  lead.  On  ilisrhar^ug  tli*  .1. 
and  reversing  the  eurreut,  the  oxide  formed  from 
plate  by  the  of)rrosion  due  to  the  electrolytic  oxyj^'^u  is 
reduced  by  the  hydrogen  now  set  free  ujvou  thispbte; 
while  the  oxygen  cf)rrodea  in  its*  turn  the  other  ph 
yo  that  tiually  a  sufficiently  thick  layer  of  jmroxide 
obtained  on  tlie  anode  and  of  metallic  lead  on 
kathode^  to  yield  a  current  of  several  amperes  for  nij 
hours,  with  the  difference  of  potential  existing  uui 
these  conditions  between  metallic  lead  and  leaul  perosii] 
i.e.,  two  volts.  The  capacity  of  the  cell  is  piven  eil 
in  ampere-hours,  or  in  watt-hours;  i.e.,  a  battery  wl 
will  give  a  current  of  ten  amperes  for  twenty  hoar« 
a  current-capacity  of  *200  aui|>ere-honrs ;  or  if  the  pot< 
tial-difference  be  100  volts  \J}0  cells  each  of  2  voltsi 
has  an  energy-capacity  of  20000  watt-hours.  If 
charged  at  the  rate  of  ten  am]»Tes,  the  nite  of  work 
the  curi'out  would  be  1000  volt-coulombs  or  joules 
second;  Le.,  one  kilowatt;  and  as  74A  volt-amperes  or 
watt^  is  a  horse-power,  the  aoti\'ity  of  the  battery  w< 
be  nearly  1-5  h(jrse-|K»wers.  This  rate  in  theorv 
would  maintain  for  20  hours. 

One  objection  to  the  Plante  coll  thus  produced  ia 
length  of  time  needed  to  •*  form  *'  the    layer  of   mU 
matter  upon  the  [dates  by  electrolytic  corrosiotL   Bj 
in  1879  and  Faure  in  1880  suggested,  in  order  to  shoi 
the  time  (d  fi>rmiitioii,  to  apply  a  hiyer  of  leail  oxide 
rectly  to  the  lead  plates  before  immersing  them  in 
acid.    By  the  action  of  the  current,  hydrogen  is  set  free 
the  kathode  and  reduces  this  oxide  to  metJillic  lead, 
oxygen  is  evolved  on  the  auotle  and  raises  the  oxtdi*< 
peroxide.     In  its  present  form  this  type  of  cell  consii 
of  a  support-plate  or  grating  preferably  of  an  /dhiv 
lead  with  a  few  per  <*ent  f>f  antimony,  the  perforati' 
in  this  plate  being  filled  with  lead  oxide  under  pressui 
After  t\\e  cell  \ft  ioTiw^d  the  oxygen  or  anode  plale  otm,- 
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taiiiH  lead  peroxide,  the  hjdrogen  or  kathode  plate 
ZDotallic  lead.  The  Btorage  capacity  of  these  cells  ia 
about  12  ampere-hours  per  kilogram  of  lead. 

The  Main  storage  battery  uses  peroxide  of  lead  aud 
zinc.  The  positive  plate  cousists  of  thin  laininfo  of  Hheei 
lead  separated  by  powdered  graphite,  riveted  together 
aud  thickly  perforated.  It  is  practically  a  Plante  plate, 
and  is  formed  in  the  same  way  by  corrosion  under  the 
action  of  the  current,  the  layer  of  i)eroxide  being  about 
a  millimeter  thick.  The  negative  ])late  is  of  zinc  with  a 
core  of  copper,  the  whole  kept  well  anmlgamate(L  The 
solution  is  dilute  sul|iharic  acid  containing  zinc  sulphate. 
On  charging,  zinc  is  ehectrolytically  deposited  on  the 
kathode  plate  while  the  anode  plate  is  peroxidized,  the 
storage  capacity  depending  on  the  quantity  of  the  ions 
deposited  on  the  plates;  being  ordinarily  from  16  to  18 
ampere-hours  per  kilngmm  of  metal  in  the  cell.  The 
diflerence  of  potential  between  zinc  and  lead  peroxide, 
however,  is  2*5  volts  ;  aud  this  gives  this  cell  a  great 
advantage,  since  with  tlie  same  current-capacity  in 
ampere-hours,  one  fourth  more  energy-capacity  in  watt- 
hoars  is  obtaineiL  The  chief  defect  of  the  battery 
appears  to  be  its  tendency  to  local  action  ;  but  this,  it  is 
claimed,  may  be  completely  overcome  by  keeping  the 
zinc  well  amalgamated. 

The  theoretical  advantages  of  secondary  batteries 
are  very  considerable.  They  have  in  general  a  high 
electromotive  fon*.e  and  a  low  internal  resistance,  aud 
hence  are  suited  iAy  deliver  a  largo  volume  of  current. 
Moreover^  there  is  no  waste  in  their  operation,  no  con- 
fiumptiou  of  material ;  the  only  wear  in  cells  of  the 
Faure  or  active-matter  type  being  due  to  corrosion  of 
the  positive  plates,  whicli  must  be  renewed  at  intervals. 
The  electric  energy  which  is  stored  in  them  on  charging, 
however,  is  recovered  again  on  discharge  only  to  the 
amount  of  70  or  80  per  cent.  The  defects  of  this  form 
of  cell  are  found  in  practice  to  be  numerous.  The  elec- 
tromotive force  on  discharge  must  not  be  allowed  to  fall 
below  1*8  volts,  since  then  the  lead  oxide  is  converted 


7(fe^ 


PHYSICS, 


into  8ulpliAt6  aud  the  cell  in  injureJ.  Moreover,  U  a 
certiun  tlirtoharge  nite  ia  oxi.^ee«l»»<l  tho  plntf'H  bucklp  auil 
are  brought  in  contiu;t  Indeed,  tlie  present  form.s  of 
active-matter  cell  seem  to  require  couHtantly  the  Mttfn- 
tion  of  ex^^eru^nl^ed  p<>r8oii3, 

A  Keeondary  cell  diS'er»  froui  a  primary  one  odU  in 
the  fact  that  in  ^he  former  the  energy  ha»  an  elei*tric«] 
ori^n  and  in  the  latter  a  cheinical  oue^  In  a  ziuc- 
peroxido  coll,  fur  example,  maile  up  \^ith  the  zinc  of 
commerce,  the  first  discharge  taken  place  as  a  priuun 
hattor^',  the  energy  heiug  stored  in  the  ziuc  from  Uir 
carbon  which  has  reduced  it  chemically  frf»ni  its  ore.  If 
after  dincharge  it  i»  re-charged  by  a  current,  tlie  re^d«^ 
positiun  of  idnc  rcHtoreB  the  cell  to  its  primitive  condi- 
tion. But  now  the  energy  stored  up  in  the  zinc  haftu 
electrical  origin,  and  the  cell  act8  as  a  Becoudary  batt«rv. 

C. — MAGNETIC    UELATIONH   OF  THE  crBBENT. 

(a)  Ele<^romagneiiiim, 

603.  Oersted's  OiHcovery. — Although  a  relation  be- 
tween electric  aud  magnetic  phenomena  had  loug  bean 
suspected,  it  was  not  until  1819  that  expenmeutal  proof 
of  this  relation  was  obtaiued.  In  that  year,  Oersted  of 
Copenhagen  showed  that  a  wire  carrying  an  eleciricil 
current  caused  the  deflection  of  a  magnetic  needle 

ExPEBiMBST.— t.  Place  a  wire  conveying  a  current  neftrtoft&d 
|UinUlel  with  a  m/ignetic  noodio  nt  rest  in  the  meridian  (Fig.  817). 


Fio.  air. 


The  TiRfxIle  will  turn  abont  it«  point  of  sospension  and  come  to  rest 
in  a  pr)6\l\ow  towcc  ot  Vq?*  xu-cVitved  to  the  meridian. 
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2.  Place  the  wire  above  the  needle  and  pnss  the  current  through 
It  in  a  direction  from  south  to  north.  The  norlh-seeking  end  of  the 
needle  will  turn  toward  the  wrst.  If  the  current  paasfroin  north  to 
sontti,  the  north -st'*'kiiig  end  of  iheneeillu  will  turn  to  the  eaj^t.  Place 
the  wire  below  ihc  neerth^  and  the  phenom«*na  will  be  reversed; 
the  north-seekinji:  end  turning  to  thi?  tniwt  when  iheeurnuit  flows  from 
south  lo  north  and  to  the  west  when  it  flows  from  north  to  south. 

8.  B^-nd  the  wire  into  a  loop  ami  place  it  so  that  the  current  tlows 
over  the  iicedk'  alttnjr  one  side  of  the  loop  and  under  tlie  needle 
along  tilt*  other.  If  it  flowK  from  north  to  south  (»ver  the  newlle 
it  will  flow  from  south  to  north  ben*!Hth  it.  Both  thesa  actions 
oons[»ini  to  turn  \\w  north-seeking  end  toward  the  east,  and  the 
effect  is  muUi()liod. 

4.  PljKi*  ihi'  conducting  wire  vertical 
and  opfHtsitc  tr>  thn  marked  end  of  a 
lORgncrie  luwlle  (Fig.  318).  If  the 
current-flnw  be  upward,  as  Bhown  id 
tho  figure,  the  marked  or  north-seeking 
end  of  the  needle  will  move  toward  the 
enst, 

004.  Aiupen^'H  Rule. — To  keep 
these  facts  in  iiiiiRl,  Anipero  pro- 
ported  th*!  fallowing  simple  rule; 
Suppose  \x  person  lying  in  the  con- 
ductor and  facing  the  ueecllo  ;  if  ^*^  ^^ 
the  eiinent  pass  from  bis  feet  toward  his  Lead,  the 
north-Heekiug  end  of  the  luugnet  will  be  deviated  toward 
hiH  left  hand.  To  eliminate  the  earth's  magnetic  action, 
Arni>er»-  used  a  dii)piiig  needle  (590),  witli  its  axis  i»l' 
rotation  punillcl  to  the  earth's  lines  of  force.  Under 
these  conditions  the  needle  places  itself  rigorously 
perpendicular  to  the  conducting  wire.  Moreover,  he 
inverted  Oersted's  experiment,  making  the  conductor 
movable  and  the  magnet  fixed.  If  the  wire  conveying 
the  current  he  vertical  and  be  placed  in  the  plane  of  the 
meridian  opposite  the  end  of  the  magnet,  then  since 
action  and  reaction  are  equal  a  person  lying  in  the  wire 
and  looking  in  the  direction  of  the  lines  of  force  of  the 
magnet  (Le.,  toward  the  south-seeking  or  from  the  north- 
seeking  end),  the  current  flowing  from  his  feet  toward 
his  head,  will  experience  a  force*  tending  to  move  the 
conducting  wire  toward  his  left  hand. 


no 


pirrsira. 


C-g-Sii) 


OII5.  C'tirreiit-Beld. — luasinurh  asa  freelysirspMided 
magnetic  needle  always  tends  to  place  itself  parallel  to 
the  lines  of  fincw  of  a  magnetic  field.  It  is  e-iident  tUt 
this  action  nf  the  current  mnst  be  due  to  the  prvuluctioa 
of  11  niHguetio  field  Burroundiug  the  conductor,  and  «- 
tendiuj^  to  a  groater  or  less  distance  from  it 

Ej:PKRiMicNTs._i.  Placfj  ft  cartl  on  which  irou-aUngB  have  bMt 
Bpriiikl.rj.  ov*T  H  wire  conveying  a.  ourront,  add  Up  ibe  I'^rdgmllr 
yritb  llif  finger.  The  filings  will  Ixj  m>«i  ic  arrange  Uieinaelttt  li 
lines  m'rpendiculjtr  lo  \hv  Oirtttion  nf  the  wirt» ;  showing  that  tfae 
hue*  of  foar  of  a  ciirrtMit-fleM  are  normal  to  the  ciirreut-floir. 
3.  Pft66  ihi?  wire  through  Uie  t-aid  perpendicular  lo  itd|»Une<Fi(t 
jj  3iy)  aiifl  Ri-ntly  U%])  it  u  be- 

fore. ThM  tilings  win  be  mq 
lo  Htrnuye  thenia«?1vt«  in  ooa- 
ceulric  circles  about  the  wilt 
ns  an  axis,  which  oirdei  np> 
rest-Ill  Iho  linch  of  fonsc 

3.   Plauc  a  small  tuAi^lc 
iiwhIIc  nmr  th(?  card.    If  the 
ciirmnt  t!nw  frotn  Wow  %p- 
A  wjud,   the  ut'^'dk' will  ukri 

^n-*i9-  i»ositio?i  t/in>^nr  to  tb«CQCt^ 

cles,  with  it*  north  Kicking  end  pointing  iu  tbt;  dirt*riiou  iif  ih«floff 
of  force  imiieatetl  by  the  iirrowB.  So  thai  the  i.H>sitivi.'  dirvotionof 
the  linfis  of  foree  iu  a  carreut-field  is  op|>o&ite  to  the  motion  of  the 
hands  of  a  watch  whoii  the  currtiut-flow  is  from  below  upward,  aad 
vt'ce  vrtva. 

(If  a  gh^  plate  ha  iisod  in  Ibase  experinicut^  in  place  uf  tht 
card,  the  pheuoujciia  nuiy  ^^  projected  on  n  screen.) 

Ampere  condnsivelj  demonstrated  that  the  field 
produced  by  a  current  is  identical  iu  all  respects  witt 
the  field  produced  by  a  magnet  The  above  exjieriinenls 
show  that  the  lines  of  force  of  a  current-field  are  circle« 
having  the  wire  for  their  center,  and  having  their  j)lane 
perpendicular  to  its  length.  Whence  it  follows  that  tbe 
equipotential  surfaces  are  radial  planea  parallel  to  the 
axis  of  the  conductor  and  equidistant  Since  unit  work 
must  be  expended  on  unit  pole  to  move  it  from  one  of 
these  surfaces  to  the  next,  to  carry  it  completely  roosid 
the  wire  at  unit  distance  would  require  Ft  ergs.  But  the 
force  F  exet\^i\.  V>^  w  cxoieiuVot  ^treu^th  /  on  unit  pole  at 
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unit  disUuice  is  2/;  and  the  distance  moved,  U  is  ^^f- 
Whenco  the  work  done  is  A^nl  ergs,  and  there  are  4.nl 
equipotential  surfaces.  Conversely,  energ}'  correspond- 
ing to  4. t/ ergs  iH  lost  for  every  rev(^lutiou  of  unit  pole 
luder  the  action  of  the  current.  In  this  case  /is  to  be 
expressed  in  electroiujiguetic  measure  (669). 

060.  Curreiit-Hi*Ul  Iiit*Misity,— Tlie  intensity  of  a 
magnetic  field  at  any  point  has  been  defined  (530)  as  the 
force  with  which  it  acts  on  a  unit  pole  placed  at  the 
point;  i.e,,  // = //m.  Since  Faraday  showed  with  the 
voltameter  that  the  magnetic  effects  of  a  current  are 
directly  proportitmal  to  its  strength,  and  Biot  and 
Savart  that  these  effects  in  the  case  of  an  indefinitely 
extended  current  vary  in  the  inverse  ratio  of  the  dis- 
tance between  the  conductor  and  tiie  pole,  we  have  evi- 
dently Ilj^ki/d'^  iu  which  k  repi-eseuts  the  force  of 
unit  current  at  unit  tlistauce.  Biot  and  Savart  sent  the 
current  through  a  long  vertical  wire  and  hung  a  small 
magnetic  needle  near  it  iu  a  plane  perpendicular  to  the 
meridian  (Fig.  320).  Noting 
the  number  of  oscillations  n  - 
under  the  action  of  the  eaHh's 
field  alone  //',  then  passing  the 
current  and  again  noting  the 
oscillations,  first  at  a  distance 
d  where  the  intensity  of  the 
current-field  is  /*  and  then  at 
d'  where  it  is  K,  three  equa- 
tions are  obtained,  «'  =  Klf 
(in  which  K  is  tlie  needle-con- 
stant), N*  =  K{ir  -f  A),  and 
K*  =  K{ir  +  A').  Combining  +  y 
these,     {IP  -  ny{N"  -  n')     ""'^  k.o.  m 

=  h/h' ;  and  this  ratio  of  in- 
tensities was  found  in  all  cases  to  equal  the  inverse 
ratio  of  distances  ;  or  ?i/h'  ^  d'/d.  Consequent!}',  if  the 
magnetic  mass  of  the  pole  be  w,  wo  have/  =  kim/d ;  or, 
tlie  force  with  which  a  straight  current  indefinite  in  length 
acts  upon  a  magnetic  pole  is  perpendicular  to  the  plane 
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]mHsiu^  ibrougli  tLe  cuii-ent  and  the  {>o1e,  i^ 
t«>wnnl  the  left  nf  tLe  currt^ut  (i.e.,  toward  the  left  hand 
of  a  persou  Hwimming  with  the  current  and  looli' 
the  uogative  direotit>n  of  the  Hues  of  forcr),  und  in  '    . 
nitude  is  inverHolj  iis  the  distuuce  between  them.    En- 
doutly  /d  =  Jti;/i ;  and  fd  ia  a  couple  whose  magtiiU 
is  k'imt  tending  to  u:ake  the  pole  rotate  about  thee 
&8  an  axis.   A  complete  magnet  has  no  t-endeticj  to  more, 
however,  since/,  =  — /^ 

(M^7.  Imw  of  Laplau*e. — That  reciprocal  action  of  »_ 
current-element  aud  a  pole  which  satisfies  the  e: 
ment  of  Diot  and  Savart  has  been  shown  by  Laplaoe 
be  a  simple  conset^uence  of  the  law  of  inverse  sqaarte 

given  by  the  equation  0  =  {kimj  da  sin  a)/d' ;  in 

<p  is  the  uutual  force  exerted,  m  the  magnetic  mass 
the  pole,  I  the  strength  of  the  cnrreut,  ds  the  length 
the  element,  d  the  distance  between  them,  and  a 
angle  between   the  element  and  a  line  drawn  to 
pole   from   its   middle   point     Since    m/tP  =  /',   whicl" 
is  the  strength  of  the  field  at  0  due  to  the  mass  m 
P,  and  since  ris  sin  a  is   the   height  of  the  paralli 
gram  (Fig.  321)  constructed  with  the  element  da  and  th!" 


Pio.  s». 
force  F  as  sides,  Fds  sin  a  =■  dA ;  and  Laplace's 

may  be  written  0  =    /  kid  A  ;  or  0  =  /  IdA  if  A:  =  L 

other  words,  the  force  experienced  by  a  current-t*Ieni( 
placed  in  a  magnetic  fiehi  is  equal  to  the  product  of 
current-strength  expressed  in  electromagnetic  measi 
by  the  area  of  a  parallelogram  having  the  element  a 
the  field-intensity  as  sides.     Evidently  this  force  0 
be  normal  to  the  plane  of  the  parallelogram,  and 
direction  will  be  toward  the  left  of  an  observer  placed! 
the  current  auCl  W>Vw\\j^\vk'Oi\fe  ^^t<fefe\^<.^\l.  of  the  force. 
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eOH.  circular  Current. — To  appl3' this  law,  the  force 
■with  which  a  circular  current  acts  on  a  unit  pole  placed 
on  its  axLB  at  some  point  P  (Fig.  322)  may  be  calculated. 
Since  the  au»;lB  whioh  any  tjle- 
ment  of  the  circle  makes  with 
a  line  drawn  to  P  is  90°,  sin 
«  =  1;  and  if  the  current  be 
unity,  Laplace^s  formula  gives 

us  0  =  /  ds/(P,    Resolving  this 

force  <pt  which  is  perpendicular 

to    AP,   into    two   compuuentK,  Fw  *-'«■ 

one  along  the  axis  and  the  other  normal  to  it,  we  have 

for  the   former   component   0   cos   OAP  —  <t>r/d  =  F\ 

whence  F  =  J  rds/d*.     The  element  of  carreut  in  this 

case  is  the  length  of  a  circle  of  radius  r;  Le.,  27rr,  and 
hence  F=  ^Inr^/d*  =  2S/d' ;  which  is  the  force  in  dynes 
exerted  along  the  axis  by  an  electromagnetic  unit  of 
current  upon  a  unit  pole  placed  at  the  point  P.  At  the 
center  of  the  circle,  r  =  rf ;  and  hence  F  =  2V"-  With 
a  cun-ent  of  /units  and  a  pole  of  streugth  m,  P'  =  %nml/r. 
If  the  coil  has  n  turns,  /^=i  2nnmljr,  Moreover,  siuce 
///  =  F/m,  we  have  II ^  =  27r//r. 

UOf>.  Elect roinajriietic  Sj-stein  of  Units. — A  system 
of  units  1ms  been  constructed  based  on  the  electromagnetic 
fictions  of  the  current,  and  hence  called  the  electromag- 
netic system.  From  the  above  expression  for  f,  we  have 
/  =  Fr/'lnm  =  Fr^/lm,  since  2;rr  —  I ;  and  hence  we  may 
define  the  electromagnetic  unit  of  current  as  that  cur- 
rent which  flowing  through  unit  length  of  a  cir- 
cular arc  of  unit  radius,  exerts  unit  force  upon  a 
unit  pole  placed  at  its  center.  The  electromagnetic 
tem  of  units  is  obtained,  therefore,  by  malting  the  iiu- 
erical  coeilicieut  unity  in  its  fundamental  law,  the  law  of 

Laplace,  F  =  kim  I  ds/d^ ;  just  as  the  electrostatic  system 

of  units  is  produced  by  makiugthis  coefficient  unity  in  the 
fundamental  electrostatic  law  of  Coulomb,  F  z=.  kQ*/d*, 
A  C.  Q,  S.  electrostatic  unit  of  quantity  is  that  quantity 
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wLioh  attracts  a  Hiinilar  qnantitj  at  a  ceutiraeter 
with  the  iovce  of  a  d^ue.  A  C\  G.  S.  electromaguetiQ 
of  quantity  is  Uiat  quautitj  wLicb  ilowiug  per  so 
thrtJiigli  a  circular  arc  a  centimeter  in  length  ai 
centimeter  in  radius  will  exert  tlie  force  of  a  djne  i 
C.  G.  S.  unit  pole  placed  at  its  center,  Unfortoxu 
these  two  units  of  quantity  Lave  not  the  name  vi 
The  electi'omaguetic  unit  of  quantity  is  about  3  X 
times  greater  than  the  electroHt^itic  unit ;  and  of  co 
the  same  ratio  is  preserved  throughout  the  sya 
From  the  expression  above  T=  Fr^/lm^  we  get 
=  [^>*J^*7^"']  as  the  dimensional  electroma^etic  e 
tion  of  unit  current ;  and  since  Q  =  It,  [Q]  =  [  L*  J/i]. 
from  the  expression  Q=idVF  we  get  for  the  dii 
sional  electrostatic  equation  of  unit  quantity  [< 
[IaM^T'  >].  Dividing,  we  lind  for  the  ratio  LT-'\  w 
is  the  dimensions  of  a  s}>eed.  And  we  observe 
3  X  10",  which  is  the  ratio  of  the  electromagnetic  t< 
electrostatic  unit  of  quantity,  represents  the  spee 
light  Calling  this  ratio  r,  we  may  represent  the  reh 
of  the  electrostatic  units  to  the  electromagnetic  onj 
the  C.  G,  S.  system  as  follows : 

1  Electromagnetic  aoit  of  quantity  =  r  Electro^tatio  unit 


oiul 


From  this  relation  the  following  table  of  valai 
obtained  : 


1 

tl 

**          current   =  © 

1 

tl 

**          capndty  =  r' 

e 

•i 

units  of  potential  —  1 

e 

(I 

**        resistAnce  =  1 

VALUES  OF  PRACTICAL  UNITS. 

^n*t«-                                  Name.  E.  S,  Vwlue. 

Quantity Coulomb  3x10' 

Current Ampere  3  X  IC 

Potential-tlifference.  Volt  \  x  10*' 

Besistance Ohm  ^  x  10"" 

Capacity Farad  9  X  10" 
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670.  Oalvaiioiiieter  Measur«nieikt8.— A  galvanometer 

an  instrument  fcir  measuring  the  strength  of  a  current 
y  means  of  the  deflection  wliicli  this  current  produces 
.pen  a  magnetic  needle  placed  in  itH  RekL     For  detect- 

g  the  presence  or  the  direction  of  a  current,  a  rectan- 

lar  coil,  consisting  of  a  number  of  turns  of  wire  placed 
D  the  meridian  and  enclosing  the  needki,  is  <.|uite  sufli- 
ent     But  for  accurate  measurement  of  the  strength  of 

current,  the  instrument  must  he  so  constructed  that 
lie  deviation  of  tlie  needle  is  proportional  either  to  the 

rrent-strength  itself,  or  to  some  function  of  it     Two 

rms  of  galvanometers  are  iu  common  use,  in  one  of 
j^hich  tbe  current  is  proportional  to  the  tangent  of  the 

flection-angle,  and  in  the  other  to  the  sine  of   this 

gle.  These  instruments  are  called  tan§fent  and  sine 
^vanometers  therefore,  respectively. 

I  tt71.  Tangent  Oalvsiimiiiet^^r — The  needle  of  a  gal- 
'anometer  is  acted  on  by  two  forces  :  one  the  deflecting 
Dree  of  the  current,  the  other  the  restoring  force  of  the 
Arth^s  field.  When  the  plane  of  the  galvanometer  coil 
B  in  the  meridian,  the  lines  of  force  of  its  field  are  per- 
^ndiculur  to  tlnvne  of  the  earth's  field,  and  the  needle, 
olicited  l>y  two  perpendicular  forces^  takes  up  a  result- 
Hit  position  of  equilibrium  between  them.  Calling  ml 
Fig.  323)  the  moment  of  the 
leedle,  //the  horizont^d  inten- 
dty  of,  the  earth's  field  nnd  / 
hat  of  the  current,  <p  being 
Le  deflection-angle,  then  the 
ength  of  t]»e  arm  is  /  c(m  </»  for 
be  current  and  I  sin  0  for  the 

rth's    magnetism.      Whence 

e  earth's  couple  on  the  needle 

Mil  sin  0and  that  of  the 

rrent  MI  cc\h  tp.    In  the  posi- 

n  of  equilibrium   these  two 

uples  are  equal ;  and  hence  '^"'  **"• 

=  IJ  Uin  0.  If  a  second  current  produce  a  deflection  0', 
re  have  /'  =  //  tan  0';  whence  7  :  / '  : :  tan  0  :  tan  0';  or 
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in  this  iustrument  the  deflectiDg  pf>wer8  of  two  earT«iits 
&re  directly  proportional  tu  tlIt^  tangeata  of  the  deliection& 

«71t.  SInr  <;iilvu«ompt€-r. — In  this  iuHtrunieiit,  the 
coil  iw  always  luuiutiiiued  j>ara]lel  t*»  the  needle,  br  td- 
tatin^^  itH  plane  n.s  the  needle  iH  deflected.  Couaeqaently 
the  couponent  of  tlie  earth'H  couple  ia  balanced  by  tLe 
entire  force  of  the  coil,  and  we  have  /J/  ^  //J/  niu  V*. 
^V  hence  /=  // sin  0,  and  the  deflecting  force  of  the  etu^ 
rent  is  proportional  to  the  aine  of  the  de^dation-an^le. 
Since  sin  90"  is  1,  while  tan  9(r  is  x,  tlie  sine  cniuixutt 
c^n  be  iiseil  to  measure  only  very  wenk  currents  com- 
pared with  those  which  are  measured  by  means  of  tba 
tangent  galvanometer. 

07IJ.  AI>Holiite  GulvaDonieters. — To  determine  iht 
value  of  the  current-strength  iu  absolute  measure,  the 
constant  of  tlie  galvanometer  must  be  determined.  Tliis 
constant  is  tlie  intensity  of  the  fleld  iu  C.  U.  8.  unite 
which  is  produced  by  unit  current.  If  the  galvanometer 
be  so  constructed  that  the  constant  can  be  calculated 
from  its  dimensions,  then  it  is  called  an  absolute  ^alvi- 
nometer.  Suj^pose  the  coil  to  be  constructed  of  a  single 
circle  of  wire  of  radius  r.  Then  the  deflecting  force  of 
this  coil,  i.e.,  the  intensity  of  its  field  at  the  center,  is 
2T//r  (608).  Whence  we  have  ^nt/t—  //tan  ^;  and 
I={Ur  tan  <t>)/2n.  The  value  27r/r  is  the  deflecting 
power  of  the  coil  for  unit  current-strength.  It  is  railed 
tlip  g^lranometer-constant.  Representing  it  by  G,  tlw 
above  expression  becomes  /  =  (H/(j)  tan  0,  The  nUio 
Il/G\%  the  galvanometer  reduction-factor,  and  is  frequent- 
ly- represented  by  A'.  In  tlie  equation  I  ^  k  tan  ^,  ft 
represents  the  current  strength  required  to  give  a  defies 
tion-angle  whose  tanj^ent  is  unity  ;  i.e.,  an  angle  of  451 
Hence  hy  multiplying  the  tangent  of  any  other  deflpL-tion- 
Angle  by  the  reduction-factor,  the  absolute  cnrreut* 
strength  in  C.  G.  S.  units  is  obtained. 

074.  Kxpcrimeutal  l>ctcrininntiou  of  Hit*  RrilucUna 
Factor.— If,  liowever,  the  galvanometer-constant  cjumol 
be  measured  directly^  then  it  is  necessary  to  deterinind 
the  Teduct\im-\(kQ.VrvT  ^:^Y^xWfc\v.^UY.    This  may  be  douit 
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by  means  of  a  calorimeter  or  a  voltameter.  A  current 
is  seut  through  the  galvanometer,  placed  in  serieH  with 
the  calorimeter,  the  same  current  going  through  both  ; 
this  current  being  a«ljus*te<l  to  give  a  detiection  of  about 
45°,  The  deflection  is  read  at  intervals,  and  the  temper- 
ature of  the  liquid  in  the  calorimeter  noted.  If,  for  ex- 
amplei  m  grams  of  water  be  raised  T^,  then  mT  water- 
l^ram-degreeH  of  heat  have  been  evtdved.  But  a  current 
of  strength  /'  has  been  flowing  for  the  same  time  / 
through  a  resistance  R ;  and  this  current  has  developed 
/  "'Et/J  water-graiu-degrees.  Whence  mT  =  1  '*Rt/ J  and 
I'  =  i^mTJ/Bt  C.  G.  S.  units  of  current.  If  the  coppei 
voltameter  be  used,  the  current-strength  in  absolute 
electromagnetic  units  is  obtained  by  dividing  the  mass 
of  copper  deposited  in  the  time  ^  expressed  in  micro- 
grams, by  3279  and  by  t.  Having  the  mean  current- 
strength  J'  during  the  experiment,  determined  by  either 
of  the  above  methods,  and  also  the  mean  angle  of  de- 
flection 0',  we  iiave  k  =  /'/tan  <p'. 

075.  Vniforni  Galvanonicter-tield. — The  theorj'  of 
tjie  tangent  galvanometer  now  given  assumes  the  ratio 
of  Z/ to  G^  to  be  constant,  and  supposes,  therefore^  the 
current-field  to  be  as  uniform  as  the  earth's  field.  In 
practice  this  result  is  secnred  in  two  ways  :  first,  by 
making  the  needle  ver}'  short,  i.e.,  one  tenth  to  one 
fifteenth  of  the  radius  of  the  coil,  so  that  it  does  not 
move  out  of  the  region  where  the  lines  of  force  are 
parallel;  and  second,  by  providing  the  galvanometer 
with  two  equal  and  ])arallel  coils  having  the  needle 
placed  midwaj'  on  their  common  axis. 

07<l.  Uetlecting  Galvanometers. — For  use  in  accu- 
rate measurement,  Lord  Kelvin  has  devised  reflecting 
galvanouieters  of  great  delicacy  (Fig.  324).  The  needles 
form  an  astatic  system,  the  upper  combination  being 
cemented  on  the  back  of  a  silvered  mirror,  and  the 
whole  suspended  by  a  quartz  fiber.  The  cnils  are 
circular,  are  small  in  diameter,  and  are  quite  thick  ;  and 
tliey  surround  closely  one,  or  sometimes  both,  of  the 
needle  systems  ;   thus  producing  a  very  mi^w^ft  ^%\^\. 
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If  the  mirror  M  be  concAve,  then  by  mBAiiA  of  * 
lamp  aud  h  uarrow  opening  in  front  of  tlie  flAmet 
placed  at  O  (Fig.  325),  a  line  of  ligbt  is  thrown  oa 
the  mirror  and  reflected  back  to  B  upon  a  graduRte-d 
millimeter  scale  just  above  the  opening.  If  the  mirror 
be  plane,  the  deflections  upon  the  scale  are  read  off 
directly  bv  means  of  the  teh">scope  T;  the  ratio  of  the 
scale-number  to  the  diHtance  between  the  scale  and  the 
mirror  expressed  in   millimeters  being  the  tangent  of 

twice  the  angle  oc  moved  by 
the  mirror.  Since  the  3CJil<v 
is  so  short,  and  the  distunce 
at  which  it  is  placed  is  ahout 
a  meter,  no  appreciable  error 
is  committed  in  taking  the 
arcs  for  the  tangents  and  in 
considering  the  carrenW 
strengths  aa  directly  propoT- 
tional  to  the  scale-readings. 
By  the  use  of  shunts,  re- 
ducing the  current  thronii^ 
the  galvanometer  to  one  teutli, 
one  hundredth,  or  one  thov> 
sandth,  the  range  of  these 
serviceable  instmmeDts  mey 
be  very  considerably  ex- 
tended. The  luagnetie  tjs- 
tern  '8  controlled  by  mt^Ans 
of  the  curved  tlirecting- mag- 
net sho\m  in  the  tigui'e. 

In  the  Deprez-d'ArsouTil 
galvanometer  (1882)  the  min- 
uet is  flxed  and  the  coil  » 
movable  (Fig.  326).  A  com- 
pound U-magnet  of  stoel  is  supported  verticJiUy  on 
a  stand,  its  j>oles  being  upward.  Between  these  pole* 
is  suspended  a  rectangle  consisting  of  a  large  number 
of  tuTut^  o{  ftue  wire,  the  ends  of  which  terminate  abote 
ami  bolovj  iu  VorvV-^x-^^w  «^N«t  ox  ^iwyv^x  ^-iros  servinc 
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as  the   supporting  axis.    The  upper  udre  is  fastened 
to  an  adjustable  screw,  held  by  a  laternl  pillar.    The 
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lower  wire  is  attached  to  a  flat  elastic  strip  of  metal, 
the  tonsiou  of  which  is  regulated  by  a  similar  screw. 
Through  these  wires  the  current  passes  to  the  coil. 
Within  the  rectangle  an 
iron  tube  is  supported,  serv- 
ing to  concentrate  the  mag- 
netic field.  The  upper  end 
of  the  rectangle  carries  a 
mirror,  by  means  t>f  which 
the  angles  of  deflection  are 
read  witli  a  telescope  and 
scale.  When  a  current 
passes  through  the  coil,  it 
tends  to  rotate  ho  as  to 
place  its  plane,  which  nor- 
mally coincides  with  tliat  of 
the  poles  of  the  magnet, 
perpendicular  to  this  direc- 
tion, and  tliiiH  to  encloHP 
the  maximum  number  of 
lines  of  force.  The  couple 
due  to  the  current  is  an- 
tagonized, and  finally  balanced,  by  the  couple  of  torsion 
of  the  wire.     To  avoid  the  set  sometimes  experienced  in 
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the  wire,  as  well  as  to  increase  the  sensitiveness  of 
instrument,  Gerard  replaced  the  straight  wire  bj  a  he 
of  phosphor-bronze  wire,  the  rectangle  being  snspent 
on  a  cocoon  fiber  or  a  quartz  fiber  in  its  axis.  On  sha 
circuiting  the  instrument  and  oscillating  the  rectanf 
the  currents  induced  in  the  coil  bring  it  speedily  to  re 
Whence  the  name  aperiodio  jifiven  to  this  galvanometer 
077.  Oalvanoinetrlc  Mode  of  Measuring:  PotcntI 
— Evidently,  if  the  galvanometer  terminals  be  connect 
to  points  at  different  potentials,  a  current  will  fl 
through  it  And  hence  the  amount  of  current  ti 
passing  may  be  used  to  measure  this  difference 
potentials.  In  order  that  tlie  instrument  may  not  its 
produce  too  great  a  fall  in  the  potential  to  be  me&snn 
however,  a  galvanometer  for  measuring  potential-diifi 
ences  must  be  made  of  high  resistance,  say  from  five 
fifty  thousand  ohms  or  more*  And  then  the  cum 
through  it,  and  therefore  the  deflection  it  gives,  isdo&i 
proportional  to  the  diflerence  of  ]^)otentiaI  at  its  teri 
nals.  If  the  use  of  no  current  is  ^permissible,  then  dett 
the  measurcnipnts  must  >)o  made  with  an  eK'ftromet<'i 
«78.  Ilullistio  Galvanometer. — It  is  often  desira 
to  measure  the  discharge  of  a  condenser  galvanome' 
cally.  For  this  purpose,  since  the  time  is  so  short, 
ballistic  principle  is  made  use  of.  From  d^-namies 
have  Fl  =  Ms  (75);  i.e.,  the  impulse  of  a  force  is  mei 
ured  by  the  momentum  it  prodao 
Moreover,  the  speed  a  acquired  bj 
body  in  falling  through  a  dislAUCH 
under  the  action  of  the  force  of  grav 
g  '\»  8  =  \'2ga.  Hence  Ms  =  *  2J^'| 
or  iu  the  case  of  the  earth's  magni^ 
field,  where  the  force  acting  is  not  . 
but  m//,  Mft  =  ¥'2mHMn.  Now  a  is  i 
direct  distance  through  which  tlie  bo 
has  moved  in  the  direction  of  the  fo^ 
(Fig.  327) ;  hence  a  =  Z  —  i  =  ^  —  Z  cos  «»  =  /(I  —  cos  a 
l{2  sin"  in).  Moreover,  the  force  F  exerted  bj 
rent  on  a  galvanometer  needle,  =  Uml:  arid  hi 
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Omit  =  GmQ.      Whence    OmQ  =  V^mllMl  bin'  ^a  = 
2  Vm/lWl  sin  ^a  ;  and 


Q  =  2-^/^?  «i^  4«-  [79] 


mil 

Consequently,  wlien  the  gftlvauometer-ueedle  is  moved 
by  an  impulse  like  the  discharge  of  a  condenser,  the 
quantity  of  elet^triticutiou  traversing  the  galvanometer  is 
directly  proportional  to  the  sine  of  half  the  angle  of  de- 
flection. The  needle  of  a  ballistic  gaivanoraeter  should 
have  a  slow  period  of  osciUatiijn,  ho  that  during  the  tiiue 
of  the  discharge  it  may  not  be  nousibl}'  displaced.  It 
should  be  short  anil  of  small  mass,  should  be  strongly 
D]agneti;:ed,  and  shnuld  have  a  moderately  strong  di- 
recting field.  The  coil  should  have  a  large  number  of 
turns. 

07SK  Ainineters  and  VoltmeterH, — For  commercial 
useSf  measuring  instruments  called  ammeters  aud  volt- 
meters are  emjdoyed  ;  these  being  empirically  graduated 
80  that  with  tlie  former  instrument  the  current-strength 
in  amperes,  or,  witli  the  latter,  the  potential-difterenca 
in  volts  between  its  terminals,  may  be  read  oft"  directly. 
The  voltmeter  is  generally  (miy  a  liigh-resistauce  am- 
meter.    It  is  placed  in  nhunt  circuit. 

080.  Electponiajfnots, — Since  an  electric  cnrrnut  pro- 
daces  a  magnetic  tield  in  its  vicinity,  and  since  a  bar  of 
iron  is  magnetized  wlieu  ])hiced  in  a  magnetic  field,  it  is 
evident  that  a  bar  of  iron  may  be  nwLgueti>!ed  by  a  cur- 
rent. Such  a  bar  thus  magnetized  is  called  an  electro- 
ma^et;  the  first  electromagnet  haviug  been  made  by 
Arago  iu  IH'20.  Moreover,  since  the  lines  of  force  are 
perpendicular  to  the  axis  of  the  current,  the  bar  is  to 
be  placed  at  right  angles  to  the  wire;  and  the  effect  is 
multiplied  by  winding  the  wire  many  times  around  the 
bar,  after  the  manner  of  a  helix.  The  direction  of 
polarity  in  the  bar  depends  only  upon  the  direction  of 
the  current  in  the  helix.  Maxwell  represents  the  direc- 
tion of  the  lines  of  force  in  a  helix  as  the  same  as  that 
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in  wbicb  tbe  axis  of  a  corkscrew  advances  vhen  it  is 
rotated  in  the  same  directiou  as  that  in  which  the  cur- 
rent flows  in  the  helix.  Ampere's  nile  shows  that  when 
swimming  with  the  current  and  facing  the  interior  of 
the  helix  the  marked  end  is  on  the  left  hand.  Or  look< 
ing  down  upon  one  end  of  a  kelix,  it  will  be  a  marked 
end  if  the  current  circulates  in  it  counter-clockwise, 
Fig.  328 ;  and  vice  versa.  The  intensity*  of  the  tield  pro- 
duced by  an  element  of  the 
current  is  given  by  the  kv 
of  Laplace,  this  inteusitr 
being  the  ratio  of  the  whole 
force  F  produced  by  the  cm- 
rent  to  the  strength  of  thtt 
pole  7H,  on  which  it  acta;  i.e.,  H^^  F/m  (668).  For  an 
actual  current,  tlie  field  intensity  depends  upon  its  fom 
as  well  as  ou  the  current-strength.  A  system  of  eqosl 
circular  currents  small  and  parallel  to  each  other  was 
called  by  Ampere  a  solenoid.  If  a  helix  be  wound  with 
an  even  number  of  lasers,  it  becomes  equivalent  to  s 
solenoid,  and  consists  of  a  series  of  circular  curreati 
normal  to  its  axis,  the  components  of  the  spir««  of  t2>s 
uneven  layers  along  the  axis  being  balanced  by  those  of 
the  spires  of  the  even  layers,  since  the  current  in  these 
components  flows  oppositely  ;  i.e.,  in  the  one  outwardly, 
and  in  the  other  inwardly.  In  such  a  helix,  of  very  con- 
siderable length  as  compared  with  its  diameter,  the  um- 
netic  field  produced  by  the  current  may  be  coiiaidertd 
uniform,  and  the  lines  of  force  parallel  to  its  axis.  Call- 
ing \  its  leugth,  ^the  number  of  turns  of  wire  in  it,  and 
/  the  current-strength,  the  intensity  of  field  Ui  =  2jr//f 
=  ^n2il/l,  since  \—1nrN\  or  if  n  =  Ay /,  the  number 
of  turns  in  unit  of  leugth,  /^/=  ^nnl. 

ExPKRiMKNT.— Coil  a  wire  into  a  helix,  ond  nttach  ira  ondj»  ro 
platea  of  copiwr  niwl  zinc.  Immorse  these  plates  in  aciduUteU  witer 
contained  in  a  weighteii  glass  vessel  (Fig.  329),  and  float  tho  who!* 
in  water.  As  shown  by  the  arrows,  a  current  will  flow  through  the 
helix,  and  will  develop  magnetic  polarity  in  it;  so  that  llie  helix 
will  place  UaeVt  v:\lU  \U  axia  in  the  meridian,  and  it«  ends  will  rt- 
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spond  to  magnetic  attractiooB  and  repulsiona.    This  apparatus  is 
known  as  De  la  Rive's  ring.   The  solenoid  So  (Fig.  883)  actssimilarlj. 


no.  389. 

681.  Equivalence  of  Currents  and  Magnets. — Since 
a  maguetic  field  of  the  same  character  can  be  produced 
either  by  a  current  or  by  a  uiaguet,  it  ia  pertinent  to 
inquire  when  these  are  equivalent.  The  intensity  of 
field  produced  by  a  circular  current  of  strength  /and 
radius  r  (and,  therefore,  of  surface  irr*^  at  a  point  P  on 
its   axis   distant  d  from  its  plane  (Fig.  330)»  is  11'  = 
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2nr*I/d'  =  2SI/d'  (668).  If  a  magnetic  needle  whose 
moment  is  ml  be  placed  at  P,  it  will  be  acted  on  by 
a  couple  of  the  value  of  the  ju'odutrt  of  thewe  quanti- 
ties, ISl.ml/d*.  Substituting  now  for  the  circular  cur- 
rent a  bar  magnet  NS  whose  moment  ia  J/,  it  will 
produce  a  couple  acting  on  the  needle  whose  value  is 
2M.ml/d'  (553).  Evidently  these  couples  will  be  equal 
when  JI  =  SI;  in  otlier  words,  a  magnet  is  the 
equivalent  of  a  current  when  its  moment  is  equal 
to  the  product  of  the  current-strength  by  the 
area  of  the  circular  current.  In  the  case  of  a  mag- 
netic shell,  the  actiuu  of  a  closed  current  is  identical 
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with  tbai  of  u  muguetic;  bbell  of  the  aame  oontoor, 
when  the  maguetic  j>ower  of  the  shell  Is  equal  t»j  tb« 
cMirreut-Btreiigth  iu  electrouiaguetic  uiiitH. 

082.   CloHvd   Muini<!tli?  CirouftM. — The  aa»logj  be- 
tween  mapnetic  ami  electric  closed   circuits,  orij 
HUgge»te(l  by  Faraday,  haft  led  t(»  tlio  application    : 
law  of  Ohm,  in  form  at  least,  to  the  former ;  as  appean 
to  have  been  done  first  by  Rowland  iu  1873.     Th- 
netomotive  force  JH  of  tbe  one  corresponds  to  tii 
tromotive  force  E  of  the  other ;  the  magnetic  resistance 
K  to  the  electric  resistance  R^  and  the  flow  of  niA^etio 
force  0  to  the  flow  of  current  /.     Cou«eqaeatlv,  we  m»y 
write  the  law  of  Ohui  for  the  ma^^netic  circuit  in  tiM 
form  0  =  fH/K   analogous   to   I=K/R^   its  form  for 
the  electric  circuit.     The  magnetomotive  force  iQ  which 
j^ouerates  the  flow  of  ijiduction  is  represented  bv  4«A*i, 
iu  which  N  ift  the  whole  number  of  turns  iu  the  solenoid, 
aud    /  the  current   flowing   through    it.      The    specific 
maguetic  resistance,  i.e.,  the  resistance  of  unit  length 
of  a  magnetic  conductor  of  unit  cross-section,  is  tlie  re* 
ciprocal  of  the  magnetic  permeability,  u.     If  p   be  the 
specific  magnetic  resistance  for  a  rod  of  given  mnteri*!, 
I  ita  length,  and  *  its  section,  we  have  the  total  magnetic 

resistance   or    li=fj— =-.-;    in  entire    analogy   witii 

S  Lt      It  ^^ 

electric  resistance.     Hence  the  complete  expression  for 
the  flow  of  mii^etic  force  iu  a  circuit  is: 


4S  =  UNI  /[^X^=^7tNI^8/1, 


[80] 


As  in  the  case  of  dielectrics,  the  specific  maguetic  re- 
sistauce  of  air  is  taken  as  unity;  so  that  para-magnetic 
substances  whose  permeability  is  greater  than  that  nf 
air  have  a  less  specific  resistance,  and  diaraaguetic  sub- 
stauces  a  greater  one.  Specific  magnetic  resistance  i« 
veiy  variable,  since  it  depends  not  only  on  tlie  nature  of 
the  snbstince  itself,  but  also  on  tbe  magitetomotive  for<« 
applied  to  it  and  on  the  previous  maguetic  lustorj  of 
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the  body  magnetized.  On  applying  au  armature  to  a 
U-maguet,  its  magnetic  potential  falls,  just  as  the 
electric  potential  fulls  at  tlie  terminals  of  a  generator 
when  it  is  sliort-cirtuited.  But  the  flnw  of  magnetic 
induction  increases  in  the  one  case  exactly  as  the  flow 
of  current  increases  in  the  other.  A  piece  of  iron  ]>laceil 
near  a  magnet,  constitutes  a  part  of  the  magnetic  circuit 
of  greater  permeability  than  the  air,  and  therefore  of 
less  resistance.  The  How  of  force  is  increased,  and  the 
iron  is  attracted  by  the  magnet. 

08:J.  I»Ia{n»etizuti«u  by  Ciirpents. — The  magnetism 
developed  in  a  magi»ptic  substance  when  placed  in  u 
magnetic  field  depends  not  only  upon  the  intensity  of 
the  field,  but  iilsci  \\\\im  the  nature  nf  the  substance,  upon 
its  physical  condition,  upon  the  temperature,  etc.  "While 
a  ctirrent-field  induces  magnetisiu  jirecisely  in  the  same 
way  as  a  maguet  field,  yet  since  a  current-field  may  be 
made  much  strr>nger,  a  higher  induction  may  be  ob- 
tained by  means  of  it.  Electromagnets  are  hence  pre- 
ferred for  all  purposes  where  intense  magnetic  action 
is  desired.  The  intrinsic  euergj'  of  nnignetization  as 
already  shown  is  half  the  potential  energy  of  a  given 
magnet  iu  a  given  field  (5G0);  i.e.,  if  MI!  represent  the 
potential  energy  of  a  magnet  of  mmiieut  M  iu  a  field  of 
intensity  //,  one  half  this  value  will  represent  the  work 
which  must  bf»  expended  on  it  in  order  to  magnetize  it. 
Heuce  W  ~  ^MII  =  \min.  To  separate  the  armature 
of  such  a  magnet  to  a  distance  /,  the  force  exerted  ia 
W/l  or  \mll.  But  m  =  JS,  and  for  a  closed  circuit  H ~ 
AnJ  =  B.  Whence  Z' =  ^nJ'S  —  B'S/Htt  dynes,  or 
4  X  10"*y^''S^  grams.  Ho  tliat  for  a  magnetof  good  steel, 
having  a  permanent  magnetic  induction  B  of  10000 
nuits,  the  lifting  f<irce  will  be  about  4000  grams  per 
square  centimeter  of  cross-section.  In  the  case  of  an 
electromagnet,  the  same  result  is  reached  thus:  The  flow 
of  induction  for  a  bar  of  iron  of  section  S  is  US.  But 
this  flow  has  just  been  shown  to  be  ^ttN fftS/h  So  that 
B  =-  ^nNI^i/l\  or  calling  irrNI  the  magnetomotive 
force  fSi,B  =  mh/l.   Whence  F  =  (5/8jrX^/^/0'  tlynea. 
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For  a  giveu  magnetomotive  force,  the  magnetic  indaction 
B  iH  iiirectly  proportioual  to  the  permeabilitj  aud  in- 
verael}'  proportional  to  the  leugth  of  the  magnetic  circnit 
For  an  electromagnet  to  have  a  high  lifting  power,  th^ 
cores  must  l>e  nhort  aud  large,  in  order  that  the  pecmeft- 
bilitr  may  remain  as  great  as  possible.  The  value  of  B 
in  iron  han  been  pushed  as  high  as  20000  C.  G.  S.  uiiito; 
or  twice  the  value  obtained  in  steel.  Au  electrnm»igD«t 
of  this  iron,  under  these  conditions,  would  have  a  lifting 
power  of  UUXK)  grams  nearly,  per  square  centimeter  of 
cross-section  (Joubort). 

08-4.  Ampere-turns. — The  above  value  o{  F  ta^ 
pressed  iu  ^Yumi^  is  4  X 10 " \fiSln/iyS.  Since  iH  =  4«37, 
the  value  of  *Y/  =  125//^  .  \' F/S\  m  which  /is  given  b 
amperes.  Tlie  expression  NI  is  the  product  of  tbe 
number  of  turns  of  wire  iu  the  coil  bj  the  current- 
strength,  and  represents  the  magnetizing  power  of  tlie 
coil.  From  the  above  formula,  therefore,  the  nnniber 
of  ampere-turns  required  to  produce  au  electromaguet 
of  a  given  lifting  jiower  may  be  calculated,  the  dimen- 
sions of  the  core  aud  the  permeability  of  the  iron  being 
given.  For  example,  if  ;i  =  300,  -F=  500  kilograms,  the 
two  cores  being  each  25  cm.  in  section  and  15  cm.  long, 
the   ceuters   beiug   separated   10  cm.,  /  will   be  50  cbl 


Substituting  in  the  equation  iV/=  125Z//4.  f^/z^i.wehiw 


'^'"a^x 


or  2083  ampere-tnnis  required. 


(h)  Eledrodynamics. 

685.  Priii€lple.s  of  Klectro<lyuaniK'», — The  mutual 
action  of  currents  upon  each  other,  which  constituteM  the 
subject  of  electrodynamics,  was  developed  by  Ampere  iu 
1821.     The  principles  enunciated  by  him  are  ah  follnwi: 

I.  Currents  which  are  parallel  and  which  floir 
in  the  same  direction,  attract  each  other;  while 
parallel  currents  which  flow  in  opposite  dtree* 
tions  repel  each  other. 

II.  CuTT«>ulv.  vibvch  are   not   parallel   attract 
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taeli  other  if  they  both  flow  toward  or  both  flow 
rom  the  poiut  of  intersection;  and  they  repel 
ach   other   if  one   flows  toward  and   the  other 
[away  from  this  point. 

Evidently  this  action  is  due  in  all  cases  simply  to  the 
Imagnetic  curreut-tields ;  and  since  equilibrium  is  un- 
stable unless  the  lines  of  force  ara  parallel  iind  in  the 
Isame  direction,  the  above  principle^  may  be  generalized 
|by  sayiujT  that  whenever  two  currents  are  brought  near 
each  other  a  mechanical  stress  is  produced  between 
them  in  such  a  direction  as  to  mivke  the  tJow  of  force, 
and  hence  their  potential-energy,  a' maximum. 

Experiments. — 1,  Support  a  rectangle  oi  wire /T  (Fig.  831)  upon 
[table  stand  8,  so  that  it  can  rotate  freely  around  a  vertical 


•axli.  Send  a  current  Through  il  and  bring  near  to  and  in  front  of 
one  of  ita  sides  a  bundle  of  pjirallel  wires  J/ through  which  a  current 
flows  irt  the  same  direction.  The  reotanglo  will  turn  so  us  lo  bring 
its  side  into  contact  with  the  parallel  wire. 

%.  By  means  of  the  i?ouu«nlntor  C,  reverse  the  current  in  the 
rectangle  so  that  it  now  flowH  in  ilie  opposite  direction  to  that  in  the 


Tlial  side  o(  ibc 
'roni  llie  pHrulIrl  win?, 
of  win;6  horiz^iiiuilly  above  the 

of  it  lit  its  mJdtllc*  poiut^  and  mitViagn 
e  furriMit  flow-  frMm  A  to  B  (Fivr  s'i. 
through  thc*buiidlu  uf  wins,  iii> : 
V  to  i>  through  the  fride  o(  tht  .•<.>• 
angle  contiguous  iii  it ;  i.t*.,  if  on  thr 
lower  side  it   fldvr  toward  tho  itititr' 
section  O  nnd  on  the  up[>er  aide  Imnt 
it,  the  rectangle  will  rotate  v! 
80  AS  to  ninke   the  curn.'ni&  !■.<  > 
If,  however,  the  eorrent  in  the  bundle 
of   wires    t>o   made    to    flow    in   i^e 
oppoftit4}  direetion  from  B^Ut  A\  i.e.,  if  on  the  upper  side  it  be  lundc 
to  flow  toward  the  intnrw-t'!  no,  while  the  current  in  thtr  rectKUjiie 
flows  from  it,  and  «/tviTr*r;.  then  the  ruetauglo  wilt   rotate  in  itit 
otiier  direction  or  coi  -kwise. 

4.  Suspend  a  helt.x  sa  that  it6  lower  end  jasi  dip«  iitiA 

mercury,  and  send  a  turrunt  through  it.    Owinp  to  the  «t 
of  the  ]>arallel  currents  in  the  mljuiniiig  spireK  the  helix  will  - 
and  lift  the  end  out  of  the  mercur}*,  thus  hrenking  the  conwn 
The  weight  of  the  coil  will  lower  the  eud  again  and  rt»-fifitfthliAh  it; 
and  80  on,  the  coil  continuing  to  vibrate  vprlically.     This  appnnitui 
is  known  as  Roget*s  oscillating  spiral. 


The  abnvp  apparatus  may  be  employed  to  Hbow  the 
converse  of  Oersted's  experiment,  tbe  magnet  being  fixed 
and  tbe  conductiuj^  wire  movable. 

ExpitniMF.NTS.— 1.  Bring  the  marktH]  pftle  of  a  maiTnet  dckt  oce 
hide  of  thi'  rectangle,  the  magnet  being  horiiontal.  ]f  Ihocurn-nt 
ill  the  rectangle  is  flon'ing  from  below  upward,  the  rectangle  will 
move  80  M  to  leave  the  mnrked  pole  on  th«  left  of  an  ohnerver  Irittg 
in  the  wire  and  facing  the  i»oK  If  the  current  be  downward,  the 
direction  of  rot4»tion  will  he  reversed. 

2.  Place  the  rangnet  horizontally  above  the  recfancle,  its  axil 
forming  a  sraflU  angle  with  the  upper  side.  The  rfdanale  wUI 
rotate  so  ns  to  place  its  plane  perpcndicnlur  to  the  axis  of  tht»  maj^ 
net.  Holding  the  magnet  bo  as  to  pans  through  the  revtongle^  all 
the  actions  conspire  to  make  (he  two  pcrjwndicuhir. 

R.  Insert  a  magnet  into  the  axis  of  the  oncitlatlng  6|iinO  aboit 
mentioned.  If  its  polos  )>e  op|)osod  to  Ihoee  of  the  coil  the  coil  will 
be  bn>ught  to  rest.  If  the  poles  of  the  magnet  and  those  of  tbe  oofl 
;igree  In  namo»  VVi^i  «3«,\\\«A\tt\w,  V\\\  Vfe  \\\c.vvlu»w1  in  ampHiode. 
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Siuce  the  liues  of  force  of  the  magnet  are  ptvrallel 
to  its  leugtli,  while  tLoHe  of  the  rectangle  are  perpen- 
dicular to  its  plane,  Hbible  equilibrium  requires  that  the 
plane  of  the  rectangle  shall  be  at  right  angles  to  the 
sxIh  of  the  maguet.  ludeed,  if  the  suspended  wire  be 
iu  the  form  of  a  circle,  and  a  sufficient  current  be  sent 
tiirough  it,  the  circle  will  turn  so  as  to  place  its  plane 
oast  and  west,  and  its  axis  north  and  south.  Thus  the 
axis  will  be  parallel  to  the  magnetic  meridian,  and  the 
circuit  will  enclose  within  its  contour  the  maximum 
number  of  lines  of  force,  according  to  ^laxwell's  rule. 
This  sensitiveness  to  the  earth's  field  is  sometimes  un- 
desirable ;  and  it  may  be  obviated  b}-  winding  a  double 
rectangle  (Fig.   333,  H\  so  that  the  direction  of   the 


FiQ.  aa-i 


current  in  the  upper  half  of  each  portion  is  opposite 
to  that  in  the  lower,  the  whole  thus  constituting  an 
astatic  system. 

080.  QiiniitUative  Uelat ions,— The  following  rela- 
tions were  estjiblished  i)y  Amjwe  :  (1)  The  force  ex- 
erted between  two  current-elements  is  directed  along 
I  the  liue  joining  their  centers,  is  proportional  to  the 
product  of  their  lengths  and  to  the  product  of  their  cur« 
rent-strengths  ;  it  varies  inversely  as  the  square  of  their 
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(2)  the  direction  of  the  force  changes  when  that  of  eithc 
of   the  currents  ia  revered ;  if  both  currente  are 
versed,  it  remains  unaltered  ;  (3)  the  action  of  two  ci 
rent-elements,   one  of  which   ia    perpendicular  to  the 
t)tlier    at   itn   center,   is   zero ;    (4)   a    sinuous    ciir« 
(Fig.  333,  S)  has  the  same  action  as  a  straight  curi 
(Fig.  333,  D)  between  the  same  points  ;  and  hence 
fluch  currents,  if  opposite  in  direction,  neutralise  e* 
other  and  produce  an  adynamic  system-  Representing 
a  and  h  (Fig.  334)  two  euiTent-elements  of  lengths  I 


o    a' 
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l\  and  resolving  these  along  three  rectangular  axes, 
have  for  the  coujponents  nf  the  former,  /  cos  ^  =  a',  ai 
I  sin  d  ^  a"  ;  and  for  those  of  the  latter  T  cos  B'  =  A',] 
sin  6'  coso)  =  />",  and  /  «iu  0'  sin  w  =  ft'".     lu  virtue 
the  third  relation  above  given,  the  actiou  of  a*  up4>Q 
and  h'"  and  that  of  a"  on  b'  and  h"\  is  zero.    Th< 
remain,  therefore,  only  the  action  of  a*  upon  6',  and 
of  a"  upon  h'\     The  action  of  a'  upon  h'  is  that  of  X\ 
elements  in  the  same  straight  line  ;  and  the  actiou  of  d^ 
upon  b"  is  that  of  two  parallel  elements,  perpendici 
to  the  line  joining  them.     The  force  exerted   betw* 
the  components  of  each  of  these  ]iftirs  is  j>roportic»iii 
to  the  j)r(Mluct  of  their  lengths,  to  the  product  of  th^ 
current-strengths  and  to  the  square  of  the   diatam 
between  them.    For  the  action  of  a"  on  h'\  therefr 
we  have 


/  =  — ^(sin  9  sin  ^  cob  w). 
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aud  for  the  force  aotiug  between  a*  aud  h\  we  Lave 


^'(C0«6C08<?'), 


since  the  effect  of  the  two  elcmeuts  acting  in  the  same 
line  is  Lalf  that  ol  the  two  parallel  elements  at  the  Hame 
distance,  aud  is  in  theojipoKiie  direutiuu.  The  total  action 
/^  which  takes  place  along  the  Hue  00' in  virtue  of  both 
these  actions  is  their  algebraic  sum  evidently : 

^=  ??-^(9in  e  sin  6'  cos  a>-\  cos  B  cos  e'\  [81] 

But  if  0  be  the  angle  which  the  two  elements  make  with 
each  other,  we  have  oos  0  =  cob  fi  coa  ^'  -|-  sin  B  sin  ^' 
cos  CO ;  and  substituting  this  value  in  the  equation  for 
F^  we  have 


p_  lEJE^  ^^^g  0  —  f  cos  ^  COS  B'\ 


[82] 


which  is  the  form  of  the  equation  given  by  Ampere.  If  the 
two  elements  are  parallel  to  each  other  aud  perpendicu- 
lar to  the  line  jciiuiug  thenj,  0  =  0,  and  #=<^'  =  90''; 
whence  for  the  force  between  these  elements  M'e  have 
/^=$f'fiyr'.  So  if  the  elements  are  in  the  same 
atraight  line,  0,  6*,  and  f''  are  all  ?»ro,  aud  F  =  —  li'll'/ 
2r*.  Since  two  parallel  currents  in  the  same  direction 
attract  each  other,  the  value  of  Fin  the  first  case  above. 


Fro   RJ». 


"being  positive,  indicates  an  attraction  ;  whence  in  the  sec- 
ond case,  being  negative,  it  imlicates  a  repulsion.  That 
-tlie  cousecutivo  elements  of  the  same  current  actually 
[do  repel  each  other  Ampere  proved  by  flnating  a  wire 
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(riiuie  F  on  inercurj,  an  ahown  in  i\ui  figure  (Fig.  335). 
Ou  eHtablishing  contact,  the  frame  recedes  from  tb« 
conducting  wires. 

0K7.  Kloitrodyiiaiiilr  SyHtcm  of  Uuits. — Sirictlj 
speakiug,  tlie  cun'eut-el^meuts  above  given  ahoulil  be 
written  dl  uud  dl'\  and  then  if,  by  means  of  the  fonxiuU 
the  force  exerted  upon  a  current  of  length  IhjA  cwTeDl 
of  indefinite  length  be  calculated,  it  will  be  fonud  to 
equal  H'l/r.  If  now,  in  the  expresaion  F  =  ii7/r,  the 
acting  force,  the  length  of  the  current,  and  the  dij$taDC0 
of  the  iudofiuite  current  each  be  made  unity,  and  if  lie 
currents  tlieumelves  be  made  equal,  the^e  curreLts  will 
each  be  eqnal  to  unity.  Tltat  is  to  say,  if  i  =  {',  I 
=  \^Fr/L  And  we  may  define  the  eleetrodynamic  anit 
of  current  as  that  rectilinear  current  which  i« 
attracted  by  &&  indefinite  rectilinear  enrreut 
placed  at  a  distance  et|ual  to  its  length,  witb  ft 
unit  of  force.  From  the  diinenKiona  of  the  other  onitei 
their  values  in  the  eleetrodynamic  system  can  be  ret^ilj 
comjmted. 

G8H.  Eleclrodyiiaiiilc  Action  of  two  CloAed  Cl^ 
cults. — 8up]>o»e  two  closed  circuits  in  the  form  of  squares 
(Fig.  33G),  having  aides  a  and  6,  and  carrying  cumatB 


Fw. 


{  and  {',  in  the  direction  of  the  arrows,  the  plane  of  h 
being  perpendicular  to  that  of  a  and  passing  through  its 
center,  d  being  the  distance  between  their  center*.  Ijet 
the  circuit  a  be  tixed,  and  b  capable  of  rot<ition  about 
YY  aa  ftTi  wl\h.    TV\\Al>^tAeT  circuit  is  evidently  acted  on 


EySRQT  OF  .ETHER.FL0W.—ELECTR0KJSISTIG8.  793 

by  a  couple  ilue  to  the  mutual  action  of  the  currents. 
The  side  a  repels  h"  with  a  force  fi/jfl'/rf'*;  ami  the 
compoueut  of  this  force  uormal  to  the  side  l"  is  a^if ' 
siu  Oh"a' /iV  =  a'^f $'/2</''.  lu  the  same  way  «"  pro- 
duces upon  b"  an  attraotiou  whose  component  along  the 
normal  has  the  same  value  ;  aud  hence  the  total  force  is 
<»'6fl'/(y".  Since  the  arm  of  the  couple  is  ^j,  the 
moment  of  this  couple  is  a'Z»*5f  72ci'*.  On  the  side  h\ 
there  is  produced  in  a  similar  way  a  similar  and  like 
couple.  So  that  the  total  moment  acting  to  rotate  the 
circuit  h  is  in'U'  f  f '(V^"+  !/''"')•  HdU^  great  with 
reference  t^^i  the  dimensions  of  the  squares  that  we  may 
write  d  rr  d'  =  d'\  tlien  the  total  rotatinfj  force  R  =  a*h* 
Uyd' ;  or  calling  «*  and  /»'  the  surfaces  of  these  squares, 
M  =  SS'U'/d\       If   now   we  make   iS=  5'  =  1,  f  =  «' 

and  li  =  y, ,  we  have  f  =  1  ;  and  since  these  results  are 

independent  of  the  form  of  the  circuit,  we  may  say  that 
the  electrodyuamic  uui{  of  current  is  that  current 
which  traversing  two  circular  conductors  each 
of  surface  equal  to  unity,  placed  with  their 
planes  uormal  to  each  other  and  at  a  c(»nsider- 
able  distance,  so  tliat  the  center  of  the  first  is 
on  the  normal  erected  to  the  center  of  the 
second,  produces  in  the  first  circuit  a  couple 
the  moment  of  which  is  the  reciprocal  of  the 
cube  of  the  distance  between  the  centers 
(Weber).  If  the  s(puire  h  be  fixed  aud  a  bo  movable 
about  the  axis  XX',  the  moment  will  be  one  half  tliat 
above  calculated. 

((8il.  Katio  of  the  Electroclyiiainic  to  the  ICloctro- 
ningnctio  I'liJt  of  Current. — It  has  been  shown  (668) 
that  a  current  of  surface  S  produces  upon  a  magnetic 
needle  of  moment  J/  at  a  distance  d  a  couple  wliose 
value  is  represented  by  B'  =  2S/M/d' ;  where  /  is  the 
current- strength  in  electromagnetic  measure.  But 
magnets  are  equivalent  Ut  currents  when  M  —  SI  (681) ; 
ie.,  when  the  moment  of  the  former  is  numerically 
equal  to  the  product  of  the  surface  into  the  cuTT^ui- 
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streBgUi  of  the  latter.  Hence  we  may  repliice  M  in 
above  formula  by  ST  \  and  we  Lave  B'  =2SS'If, 
Siuce  these  couples  are  equal,  Ji'  =  B,  and  2^S'ir.<P  = 
SS'ii'/d\  li  tLe  surfaces  be  equal  iu  both  cAdes,  Wid^ 
/=  J'  and  i  =  i'.  we  hare  F  =  2/» ;  or  i  =  /  " 
That  is  to  say,  the  cuiTent-strength  in  elech  ' 
uuits  Ih  equal  tu  that  In  electroma^uelio  unit^^  i  ■  ^  -tl' 
by  the  square  root  of  two  ;  and  the  electi'omagnetic  miii 
ih  equal  to  the  electrodyiiauiic  unit  multiplied  bv  i 
The  electromagnetic  unit  of  current,  then,  is  I'i  tiiui 
SLH  large  as  the  electrodynamic  unit  Hence,  to  obtain 
the  value  of  the  mtatiou-ctmple  above  given,  wbeB 
current  flowing  through  both  circuits  is  measured 
electromagnetic  meivsure,  it  is  necessary  to  multiply 
two  the  vjilue  obtained  from  the  foimula. 

<i90.    Klcctrud.viiutuoineterH. — These  prineiplrs 
applied  in  practice  to  the  construction  of  current-mei 
uring  iiiHtruments,  firat  proposed  by  Weber  in  !&!♦) 
called  electrodyuamomctera.        Tliey  consist  sabstanli^ 
of  two  coils  of  wire  placed  with  their  axes  either 
pendicular  to  each  other  or  in   the  same  straight  Hi 
one  nf    these  coils    being  fixed,  the  other   oa)>ablo 
motion.     They    may  be   divided  into   two   classes 
responding   to  this    cnustructiou,   the  one  class  beii 
called    torsion    electrodynamomet^rs     and    the    kIIm 
balance  tdeetrodAniamometers.     In  'WeWr's  instruiueul 
which  belongs  to  the  first  class,  the  smaller  and  moval 
coil  is  suspended  bifilarly  within  the  larger  and  ^m 
coil,  with  its  axis  at  right  angles  to  that  of  the  hitt 
The  two  suspending  wires  carry  the  current  to  the  inu( 
coil ;  and  when  this  coil  is  rotated  by  the  current,  tl 
bifilar  suspension  develops  a  restoring  couple  which 
proportional  to  the  sine  of  the  angle  of  deflection, 
the    electrodynamic    couple   is  proportional  (1)  to 
product  o{  the  two  turrent-strengths  in  the  coils,  (2) 
the  cosine  of  the  angle  of  rotation,  and  (3)  tc>  a  const 
depending  on  the  construction  of  the  iustmiueui, 
have  x"  sin  rt  =  //'  cos  a.     Whence  //'  =  k  tan  a ; 
if  tlie  name  curvfe^V  '\?.  ftfewV  VJiwvsvivAv  both  coils,  /' 
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tan  a ;  Le.,  the  square  of  the  curreut-streugth  is  propor- 
tioual  to  the  taugeut  of  the  augle  of  deviatiuu.  8iti(;e 
the  couple  acting  iu  tlie  electrodynamonieter  is  a  func- 
tion of  the  square  of  the  current-strength,  it  is  entirely 
independent  of  the  direction  of  the  current,  the  square 
of  both  positive  aud  negative  currents  being  positive. 
Hence  this  iuutrumeut  is  used  to  measure  alternating  au 
well  as  direct  currents.  Tlie  actual  current-strength, 
however,  is  measured  only  in  the  case  of  the  direct 
current ;  the  quantity  measiired  in  the  case  of  alternat- 
ing cuiTents  being  i  (/')„,  or  the  square  root  of  the 
mean  square  of  the  current-strength. 

The  electrodj'namoiueter  of  Siemens  k  Halske  (Fig, 
337)  is  intended   for    industrial    measurements.      The 
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interior  coil  is  rectangular  in  shape  aud  is  fixed.  The 
'uitcr  coil  is  also  rectangular,  but  consists  of  only  a  single 
turn  or  a  few  turns  of  wire.  It  is  supported  on  a  cocoon 
or  a  quartz  fiber,  with  its  plane  perpendicular  to  that  of 
the  inner  coil.  Its  two  ends  dip  into  mercury  cups  at 
tlifferent  levels  beneath  it,  bv  which  it  receives,  current 
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Surroondiug  tlie  suspeuding  fiber  is  a  wire  helix,  t] 
lower  eud  of  wUicb  is  Htt4iclied  to  the  movable  rei^tau^I 
while  the  upper  eud  is  fastened  to  a  milled  he&d  can 
itig  AU  index  movable  over  a  graduated  circle.  A  secoj 
index  fastened  t<3  the  movable  recUingle  points  to 
zero  of  the  circle  when  this  rectangle  is  perpeudicul 
to  the  other  one.  This  index  should  face  the  other 
when  no  current  is  passing  and  no  torsion  exi.sts  ou 
helix.  On  passing  a  current  thrt>ugh  botlt  coils  in  da( 
cessiou  R  couple  is  developed  which  causes  the  rectau^ 
t(i  rotate.  By  turning  the  milled  head  in  the  opposit 
direction^  tho  torsion  of  the  helix  is  made  to  balance  ti 
couple,  and  the  index  ou  the  rectangle  returns  to 
The  angle  of  toraion  is  then  roiwl  off  on  the  circle 
the  current-strength  obtained  by  comparison  with  a  tab! 
of  values  given  by  an  empirical  calibration  of  the  insi 
meut.  Generally,  the  fixed  coil  is  double,  and  « 
two  wires,  a  coarser  and  a  liner  one  ;  thus  reii>< 
instrument  available  for  a  wider  range  of  carn&ai 
strengths. 

Since  the  couple  producing  the   rotation   in   thi 
instiiiments  is  A*//',  or  kl*  Avhen  the  coils  are  in  sei 
it  is  evident  that  if  one  of  the  coils,  the  movable  one  f( 
example,  be  made  of  very  tine  wire  and  be  connected 
a  shunt  to  the  other  coil,  the  current  traversing  it 
be  the  measure  of  the  potential-diiTerence  at  the  termini 
of  the  instrument;  and  hence  the  couple  will  be  l\el; 
in  other  words,  the  couple  will  be  proportional  to 
energy  of  the  current,  and  the  eIecti*odynam(>nieter 
act  as  a  watt-meter. 

01>1.    Klcetrodyuaniic   Bnlaucps. — Recently 
Kelvin  has  contrived  improved  electrodynamometers 
the  second  class,  in  which  the  force  or  couple  due  to 
electric  action  is  balanced  by  weights.     The  main 
ficulty  in  this  class  of  instruments  is  in  conve>'ing 
current  to  the  movable  coil,  especially  when  this  car] 
is   of  considerable  strength.     This   is  accomplished 
these  instruments  by  means  of  a  metallic  hinge  or  joii 
on  wUick  \i\x©  isn>Nft.VjW  ^^ti  \&  «us\)eudecL     This  mc»v»hle 
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part,  as  sLown  in  the  diagram  (Fig.  338)^  cousists  of  two 
coils,  A  and  B,  supported  at  the  ends  of  a  Lomoutal 
beam  like  that  of  a  balance.     Two  fixed  coils,  a  and  b, 


are  arranged  opposite  each  of  tbe  movable  ones,  one 
boing  ubovo  it  and  the  other  below  it  ;  so  that  wbeu  tbe 
current  passes  through  the  system  the  movable  portion 
turns  about  its  center  0.  Weights  are  employed  to  bring 
it  back  to  zero,  and  by  knowing  the  weight  required,  the 
current  may  be  indicated.  Several  types  of  instrument 
have  been  constructed,  giving  a  range  from  0*1  ampere 
to  25CX)  amperes ;  or  by  using  fine  coils,  from  10  to  200 
volts.  The  form  of  these  balances  is  shown  in  the 
annexed  figure  (Fig.  339).    Evidently,  by  the  use  of  both 
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high  and  low  resistance  coils,  these  instniments  may  be 
used   as  wattmeters ;    and  by  certain  peculiarities  of 
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construction  they  have  been  converted  into  direct 
ing  instruments. 

092.  Electrodynamic  RoUitionii.  —  Under  sniUble 
couditiouSf  the  nnituul  action  between  tvp-o  currents  maj 
be  made  to  produce  continuous  motion.  Thas,  for 
example,  suppose  that  a  vertical  current  u^  (Fig>  340)  be 
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made  to  approach  an  indefinitely  long  horizontal  one  AB. 
Hince  on  the  left  side  of  the  point  of  intersection  both 
currents  approach  this  point,  and  ou  the  rij^ht  8i<le  one 
current  recedes  from  it,  while  the  other  approaches  ii. 
the  electrodynamic  action  will  be  attractive  in  the  Iftft- 
hand  quadrant  and  repulsive  in  the  right-hand  one,  as  is 
fihown  by  the  arrows;  the  resultant  of  which  will  be  a 
force  parallel  to  and  in  the  opposite  direction  to  th*^ 
indefinite  current.  If  the  finite  current  ha  flow  from  tbe 
intersection  (Fig.  341),  it  will  experience  a  force  temliu^ 
to  displace  it  parallel  to  the  in- 
definite current  and  in  the  same 
direction.  Precisely  the  same  re- 
sult follows  in  the  case  of  radial  cur- 
rents with  reference  to  circularoneR. 
A  radial  current  Oa  or  Ob  (Fig.S43) 
flowing  toward  a  circular  one  expe- 
riences a  forc^  tending  to  move  il, 
the  opposite  direction  to  that 
Fio.  84a.  which  the  circular  current  is  04 

ing.     These  actions  were  simnll 
ously  detaoTifttva-Vevk  V^-^  A^m^^re  by  means  of  the  sim] 
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apparatus  shown  in  the  figure  (Fig.  343),  which  is  used 
on  the  staml  shown  in  Fig,  331.  A  circular  coil  of  wire 
B  ou  this  stand  encloses  a  flat  copper  dish  containing 
diluted  sulphuric  acid.  In  the  center  is 
a  vertical  rod  S  having  a  mercury  cup 
at  its  upper  end,  iu  which  rests  the 
pivot  of  tlie  rectangular  frame  F^  tlie 
lower  ends  of  which  are  fastened  Ui  a 
flat  metal  ring  dipping  into  the  acid.  '^o  •<*- 

When  the  current  iu  the  rectangular  frame  flows  as  the 
arrows  indicate,  that  iu  the  coil  being  clockwise,  a  con- 
tinuous counter-clockwise  rotation  takes  place,  due  to 
the  conjoint  eflect  of  the  vertical  currents  and  of  the 
radial  currents,  both  of  which  produce  rotation  in  the 
same  direction. 

003.  KleclroiiiABfnetic  Kotulion.s. — Since  every  cur- 
rent is  snri'ounded  by  'tir/equipotenfcial  surfaces,  which 
are  radial  planes  parallel  to  its  axis  (66o)>  an  amount  of 
energy  equal  to  ^nl  ergs  expended  upon  unit  pole  by 
the  current  will  cause  it  to  travel  once  round  the  current- 
If  the  mass  of  the  pole  be  m,  ^nml  ergs  must  be 
expended.  So  that  the  expenditure  con- 
tinuously of  this  energy  will  cause  continu- 
ous rotation,  the  speed  depending  on  the 
rate  of  expenditure.  Since  action  and  re- 
action are  equal,  the  current  may  also  b#» 
made  to  revolve  ab4:)ut  the  pole;  this  result 
being  dependent  upon  the  construction 
of  the  apparatus.  Take,  for  example,  a 
marked  pole,  N  (Fig.  344),  and  suppose  a 
semicircular  conductor,  AD^  placed  near  it, 
movable  about  a  diameter  as  an  axis,  this 
axis  coiucidiug  with  that  of  the  magnet. 
If  the  current  flow  from  above  downwHnl 
as  shown,  the  conductor  will  tend  to  revolve  about  its 
axis  in  the  direction  viewed  from  above,  of  the  hands  of  a 
watch.  These  conditions  are  very  easily  realized  experi- 
mentally as  follows: 
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KzFEiUMKNT.— Close  a  tubo  of  glass  of  nnitable  slzewl 

II  corks  (Fig.  345).    Throwgh  tbe  upper  cork  paas  % 

(CjL^      wire  ending  below  in  a  hook  rtud  suppf»rting  a 

T^^___r)     wire  hung  on  the  hook.    The  lower  cork  carries 

net.     If  now  mercury  be  poured  in  so  as  to  oa 

end  of  the  morahlo  wire,  and  a  current  be  sent  t 

the  apparatus,  the  wire  will  rotate  coutiuuoosl^ 

the  pole ;  in  one  direction  if  the  pole  ia  the  mark 

in  the  other  if  it  is  the  unmarked  one.     Rerensn 

current  reverses  the  direction  of  the  rotation. 


Faraday  in  one  of  his  experiments  ati 
the  maguet  hy  a  flexible  cord  to  the  coq< 
enterit^g  the  bottom  of  a  vessel  fille< 
mercury.  On  touching  the  merenry  ei 
at  its  center  \nth  the  other   couducta 

Tapper  pole  of  the  magnet  rotated  aboi 
conductor  as  an  axis.     Ampere  modiiie< 
experiment  by  weighting  a  cylindrical  m 
Fio.  U5.     with  platinum  at  its  lower  end  and  then 
ing  it  vertically  in  mercury  (Fig.  346,  A),      U  a 
the   conducting   wires,  a,   be    placed  in   a  globti 


mercury  in  a  cavity  formed  on  its  npper  end,  a: 
other  wire,  6,  in  the  mercury  in  the  vessel,  the 
n»?t  rotates  on  its  own  axis  in  a  direction  deter 
by  the  direction  of  the  polarity  of  the  magnet  and 
current.     If  the  vertical  wire,  a  (Fig.  346,  B),  be 
to  touch  the  surface  of  the  mercury,  the  weighted  t 
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being  placed  excentrically,  this  magnet  will  revolve  about 
the  coudnctiug  wire.  With  the  marked  pole  uppermost, 
and  the  flow  of  the  current  as  Hhowu,  the  rotation  in  both 
€»ises  is  counter-clockwise.  Indeed,  if  a  cylindrical 
luaj^net  be  supported  vertically  between  two  pivots  (Fig. 
1^47),  and  one  of  the  conducting  wires  be  touched  to  one 
of  these  pivots,  wliile  the  other 
wire  be  pressed  on  the  circum- 
ference of  the  magnet  at  its  mid- 
dle point,  the  magnet  will  rotate. 

Liquids  and  even  gases  may  be 
made  to  rotate  in  the  same  way 
as  solids.  Davy  showed  the  rota- 
tion of  mercury  by  placing  two 
platinum  electrodes  just  below 
the  surface  of  this  liquid,  and 
then  bringing  down  from  above  a 
magnetic  pole.  If  this  be  a 
marked  pole  and  it  be  brought  over  the  negative  wire,  the 
mercury  is  depressed,  and  rotates  about  the  electrode 
in    the  direction   of  the  hands  of  a  watch.      If  a  vol- 

leter  C(Fig.  348,  A)  be  placed  on  the  pole  of  the  elec- 
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tromagnet  E^  the  liquid  about  the  two  electrodes  e,  e'  wOl 
yotat-e  in  opposite  directions^  as  is  shown  by  the  motion 
of  the  two  cork  floats  g,  g'  (Jamin).    By  using  concentric 
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aanulftr  electrodes  j4,A'  in&  eiroalRr  trougli  Ccontaiamg 
dilute  sulphuric  acid  aud  b»yiiig  tlie  luu^uet  pole  in  the 
ceuter  (Fig.  348,  B)  tlio  acid  liquid  may  be  made  to 
i-otate,  the  uiotiou  being  made  apparent  by  the  cork  dofttj 
ou  the  surface  (Bertin).  If  iu  a  vacuum  tube  the  dift- 
cliarge  be  made  to  take  place  parallel  to  the  axis  of  a  mag- 
net placed  in  its  center,  this  diijcharge  will  rotste  about 
the  magnet  as  an  axi»  (De  la  Rive),  In  a  similar  wat 
the  electric  arc  may  be  made  to  rotate  about  the  polo 
of  a  magnet  Huitably  placed. 

004,  AiupercN  Theory  of  Mii{;iieti«(ui. — The  prac- 
tical identity  in  ohanicter  between  the  action  of  a  wile- 
noidal  current  and  a  solenoidal  magnet  leads  to  the  eoo- 
elusion  that  magnetism  itself  is  simply  a  vortical  electric 
rurreut,  as  Ampere  long  ago  suggested.  NnmerouH  ei- 
]>erimeuts  show  the  rotary  nature  of  the  iiiagi>etic 
action  with  reference  to  the  current.  A  current  and  a 
pole  neither  attract  nor  repel  each  other ;  thev  teuil  to 
rotikte  al>out  each  other,  tlie  action  being  nt  right  aiigleji 
to  the  lint'  joiuiug  them.  If  a  meter  or  two  of  a  fleiibW 
ccmductor,  such  as  gold  thread,  be  mH<le  to  carry  u 
strong  a  current  as  it  m  ill  bear,  and  a  vortical  bar  magnet 
be  brought  near  it,  the  thread  will  coil  itself  into  a  spiral, 
half  oi  it  twisting  round  the  marked  end  and  the  other 
half  twisting  as  a  part  of  the  same  spiral  round  the  soatb 
end  (Lodge).  If  the  conducttu'  were  made  rigid  and  the 
magnet  flexible,  the  magnet  would  coil  itself  round  the 
cm-rent  iu  like  manner.  If  both  are  rigid,  tbn  motion  » 
limited  by  this  fact ;  though  it  is  seen  clearly  to  be  da« 
to  the  same  action,  although  modified  by  the  coustraiued 
condition.  So  if  a  vertical  wire,  hanging  freely  between 
the  poles  of  a  U-magiiet  (Fig.  349),  receive  a  current 
passing  through  it  to  the  mercury  *rup  iu  which  it*;  loww 
end  dijts,  it  will  be  thrown  nut  of  the  mercury  br  tbv 
conjoint  action  of  the  two  poles,  to  tlie  right  or  left  ac- 
cording to  the  conditions  of  the  experiment.  This  will 
break  the  current,  and  gravity  will  bring  the  wire  again 
into  the  mercury  ;  and  so  it  will  oscillate.  If  the  vertical 
conductiOT  io\m  oua  xwdiwa  of  a  star,  a  second  rndins  irill 
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be  brought  in  coutact  with  the  mercury  as  the  lirst  one 
leaves  it ;  thus  producing  a  continuous  rotation,  as  in 
Barlow's  spur-wheel.  The  same  eflfeot  is  obtained  with 
a  disk.    If  a  current  be  sent  through  a  stream  of  mercury 
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falling  from  one  pole  to  the  other  of  a  strong  U-magnet 
with  its  plane  vertical,  the  liijuid  will  »t  once  twist  itself 
into  a  flat  spiral  (Thompson).  It  would 
appear^  therefore,  that  precisely  as  a  cur- 
rent is  surrounded  by  a  whirl  Jof  lines  of 
jnagnetic  force,  so  a  magnet  is  equally 
tiurrouuded  by  an  electrical  current-whirl 
(Fig.  350) ;  the  same  figures  illustratiug 
both  conditions.  In  the  former  case  the 
vertical  axis  represents  a  current  siir- 
rounded  by  its  magnetic  whirl,  and  in  the 
latter  it  represents  a  line  of  force  sur- 
rounded by  its  current-whirl.  In  the 
Becond  figure  both  are  shown  (Fig.  351) ; 
the  axis  being  a  portion  of  the  electric 
circuit,  this  being  surrouuded  by  a  single 
magnetic  Hue  of  force,  and  this  agaiu  sur- 
rounded with  eliH'tric  whirls;  each  mag- 
netic line  of  force  round  a  current  being  an  electric 
vortex  ring  (Lodge).  If  therefore  lines  of  force  are  to 
be  regarded  as  the  axes  of  current-whirls,  the  rotation 
will  have  the  effect  of  a  force  tending  to  increase  the 
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iliumeter  of  the  whirls  and  to  shorten  the  length  of 

axis;  jiist   as  a  dexi1t]e   tube   tilleil  wil^ 
liquid  ttud  rotated   on    its  ujub  woulil 
crease  in  diaujeter  and  shorten  in  lei 
The  effect  will  be  that  a  Hue  of  ma;^ii( 
force  will  tend  tr)  shorten  itself  length^ 
and  tend  to  increase  its  cross-sectiou  ; 
accounting  for  the  observation  of  Farar 
that  inagueHo  attraction  is  in  tlie  direction  of  the 
of  force  and  is  due  to  this  tendency  to  contraction,  w! 
uiaguetic  repulsion   is  perpendicular    t<i    tliese  liues' 
force  and  is  due  to  the  tendein'v  of  th*^   Hup*-  .•( 
to  repel  one  auother. 

The  phenomena  of  nm<;;netifln»,  however, 
tlie  molecule,  and  not  to  the  muj^s.     Sf»  that  u    -• 
trical  whirls  must  V>e  rotations  perpendicular  to  the 
uetic  axis  i^f  the  molecule.     Amp&re's  thecjry,  theri'fi: 
supposes  simply  that  electric  curreuts  circulate  round 
roolecales  of  a  magnetic  substance,  thereby  polni 
them.    The  permanence  of  these  molecular  cm  ' 
that  of  the  motiou  of  the  heaveiily  l>odi<^s,  dep' 
upon  the  existence  of  non-resistance ;  for  in  tbie  way 
can  their  energy  be  dissipated.     B}'  no  knivvni  p] 
can  these  Amperiau  currents  be  produce*!  or  destroy 
The  act  of  magnetization  therefore  consists  simplyj 
rotating  the  molecules  so  that  their  magnetic  AXM 
face  iu  the  same  direction ;  and  then  the  snbst&Bcsj 
magnetically  saturated.      If,  however,    molecules  ei 
round  which  no  currents  or  only  very  weak  currents 
cnlate,  the  effect  of  placing  such  substances  iu  a  magnt 
tield  will  be  to  develop  such  curr*^ut^,  and  this  in  si 
a  direction  that  repulsion  will  exist  l)etween  it  and 
field ;  thus  })rodiiciug  the  phenomena  characteristic 
diamagnetism  (Lodge).    The  direction  of  the  Ainperian 
currents  is  determined  by  Ampere's  law. 
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D. — MAGNETO-ELECTBIO    INDUCTION. 

(a)  Chssijication  of  Inductions. 

605.  Incluction  Curr«Mits. —  lu  1831,  Faradaj  suc- 
ceeded in  obbiiniug  electric  curi'ents  by  means  of  mag- 
netic actions.  TLia  induction  of  currents  be  produced 
in  three  diflereut  ways :  (1)  b}'  the  relative  motion  of  u 
tna^net  and  of  a  conducting  wire  ;  (2)  bj  the  relative 
motion  of  a  cnrront  and  of  a  conducting  wire ;  and  (3) 
by  varying  the  strength  of  the  current  in  a  second  wire 
placed  near  the  coud  noting  wire ;  the  couducting  wire 
itself,  in  which  the  induced  current  was  developed,  form- 
ing in  all  cases  a  closed  circuit.  Evidently,  from  the 
laws  of  electromaguetism,  these  three  methods  resolve 
themselves  into  a  single  one,  viz.,  the  variation  of  the 
strength  of  a  magnetic  iield  in  presence  of  a  couducting 
wire. 

Experiments. — l.  Connect  a  coil  of  wire  with  a  galvanomotcr, 
and  introductj  a  bar  magnet  into  its  center.  The  galvanometer  needle 
will  bo  (ieflc'Clcd,  but  only  an  long  as  the  motion  continncs  ;  (bo 
newlle  returning  to  zero  wliun  Ibe  magnet  comua  to  rest.  Willulrnw 
tbe  magnet  from  the  coil;  the  needle  will  be  nguin  deflected,  but 
now  in  tbo  opposite  direction. 

3.  In  pluoe  of  the  magnet,  introduce  into  tbe  coil  which  is  con- 
nected with  the  galvanometer  a  socorul  coil  of  wire  caiTying  a  cur- 
rent. The  galvanometer  needle  will  be  deflected  in  one  direction 
as  the  second  coil  enters  tbo  first,  and  in  the  opposite  direction  as  it 
is  withdrawn  from  it;  remaining  at  reel  when  the  coil  is  still. 

3.  While  the  second  coil  is  within  the  fii*st,  connect  a  fine  wire 
acms.s  \tA  terminjik.  The  needle  will  be  deflected  in  the  same 
direction  as  when  the  coil  is  withdrawn  ;  and  on  removing  the  wire 
an  opposite  deflection  will  take  place.  Here  evidently  the  fine  wire 
acts  as  a  shunt  and  carries  n  portion  of  tbe  current;  and  so 
diminishes  that  flowing  in  the  inducing  coil.  The  effect  will  be  the 
greater  therefore  in  proportion  as  this  shunt  wire  is  larger  tuid 
shorter. 

4.  Bepoat  Experiment  3,  and  when  the  galvanometer  needle  is 
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at  rest,  drop  several  iron  wires  successively  into  the  tntarior  o(  tie 
M'coiid  or  intluciiig  coil.     The  current-induction  in  the  oiit«r  ooil 
will  bt*  greatly  inorea8e<l  by  the  ma^etism  thus  induced. 
5.  Wind  an  iron  ring  with  two  wire  coiIh  plucttl  at  o| 
tremiti**  ttf  a  diameter.     On  passing  a  current  through  one 
CiiiU  strong  I'urrents  arc  induced  in  the  other,  which  are 
directioUB  on  making  aud  ou  breaking  the  iuducing  circuit 
tlie  experiment  of  Faraday. 


wuLci  am 

loeifll^^H 
in  oppoq^H 


The  general  law  of  current-induction  mny  therefc 
be  stated  as  follows:  Whenever  any  xnodificati* 
whatever  takes  place  in  the  flow  uf  magnetic  fnn 
traversing  a  closed  rircuitt  a  temporary  electri< 
rurreut  is  produced  in  this  ciroait>  tbe  dnratit 
uf  which  corresponds  to  that  of  the  variation 
the  flow.  For  ctmvenience»  induced  currents  prtidu( 
by  the  meclianical  variation  of  pertuanent  or  eli 
troniagnet  fields  are  rnlled  dynamo  or  magneto-electrST 
currents,  while  those  produced  by  the  variation  of  ciu. 
rent-fields  are  called  wlf-iDdaced  or  mutttally-indnoed 
electric  currents;  the  induction  being  called  self  ormotul 
electric  induction,  respectively. 

OUO.  I>irection  oJ'Incliicod  Currents.— l4iw  of  Lci 
— If   the   direction    of   the   currents    thus    induced 
examined,  it  will  be  observed  tliat  the  current  general 
in   the  outer  coil  above  mentioned  on  introducing 
inner  c<til  into  it,  is  in  the  opposite  dii*ectiou   to  i\ 
flowing  in  the  inner  oiul ;  and  on  rem<»ving  it  is  in  tiie 
same   direction.      The   former,  therefore,    is    called 
inverse,  the  latter  a  direct,  current.     In  general,  wheoe* 
a  magnetic  field  diuiinishes  in  strength  in  thi*  vicinity 
a  closed  circuit,  a  current  is  induced  in  this  circuit  flu 
iug  in  tbe  same   direction  as  tliat  which  would  be 
qttired  to  proiluce  such  a  magnetic  field  ;  Le.,  a  diJ 
current.     AVIiih^  whenever  the  tiold  increases  in  streu) 
the  current  induced  is  such  as  would  by  itself  prodm 
field  opjmsite  in  direction  to  that  acting;  i.e.»  an  inve] 
current.     Since  two  like  parallel  currents  nitmct 
other,  the  production  of  an  induced  direct  mrrei 
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removing  the  iuduciug  current  will  develop  an  attrac- 
tion between  the  circuits ;  a  repukiou   being  produced 
wlienever  an  inverHe  current  is  induced  hy  the  approach 
of    the    inducing   circuit.       Hence    the   law   of    Lenss: 
Whenever  by  the  relative  motion  of  two    circuits 
a  variation  in  the  flow  of   force  is    made    to  take 
place  in  one  of  them,  a   current  will    be   induced 
in    this    circuit    whose    direction    is    such    as    to 
oppose  the  mo  tion  by  its  electrodjnamic  action. 
Since  the  motion  of  an  electric  circuit  in  a  magnetic 
field  tends  to  take  place  always  in  such  a  direction  as  to 
make  the  flow  of  force  through  its  contour  a  maximum, 
it  follows  that  if  by  mechanical  means  the  circuit  be  dis- 
placed so  as  to   increase  this   How  of  fnive  throTigh  it  (1) 
a  current  will  be  induced  in   the  circuit  in   the  inverse 
direction  to  that  wliich  would  produce  the  flow,  and  (2) 
this  current  will  oppose  the  movement.     Conversely,  if 
the  motion  diminish   tlie   flow,  the  induced  turrcnt  will 
be  direct,  and  again  the  motion  will  be  opposed.     Hence 
for  a  given  variation  of  the  flow  of  force  the  directif)u  of 
the  induced   current   is  such  as   to  c^ppose  the  variation. 
If  the  dow  increases,  the  induced  current  opposes  this 
increase,  and   therefore  must  be  inverse  to  the  current 
producing  the  flow  ;  if  it  dituinislies,  the  induced  current 
tends  to  increase  it,  and   therefore  must  be  direct ;  i.e., 
in  the  same  direction  as  that  ]>roduciug  the  flow.     The 
current  changes  sign,  therefore,  whenever   the  variation 
changes  its  direction.     And  this  takes  place  whenever  the 
flow  of  force  passes  through  a  maximum  or  minimum. 

01I7.  Mu^fnitiido  i>riii(]uccilCiirreiils. — The  strength 
of  an  induced  current,  like  that  of  a  voltaic  current,  is 
expressed  hy  Ohm's  law ;  i.e.,  is  the  ratio  of  tlie  sum  of 
the  electromotive  forces  in  the  circuit  to  the  snra  of  the 
resistances.  Tht^  value  of  this  electromotive  force  maj* 
l>e  found  thus  (Kelvin,  von  Helmholt;^) :  Suppose  a 
voltaic  cell  of  electromotive  force  E  to  be  placed  in  a 
circuit  of  total  resistance  li.  The  current  /will  be  E/R  ; 
and  the. energy  expended  in  the  element  of  time  dt  will 
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be  Eldt  =  PRdt,  Let  tliis  circuit  be  moved  in  a  mAg- 
netic  field  so  that  the  flow  of  force  $  which  traverses  it 
in  the  iHisitive  direction  is  luade  to  vnry  by  an  amount 
d'P  in  the  time  rf/ ;  and  call  the  work  thus  done  dW,  M 
the  work  isj  done  by  the  cell  itself,  the  energy,  and  iLere- 
fore  the  current  in  the  circuity  will  be  dimimt>hed  thereby, 
8ay  to  /' ;  and  M*e  shall  have  in  place  of  the  above  e(|U»- 
tiou,  El'dt  =  riidt+dW,  But  since  rf JF=  />/4^.  w« 
have  by  substituting  and  divi<Uug  by  /',  the  equation 
Edt  —  riidt  -f  d^ ;  whence  sylving  for  /'  we  have  I' 
£-d<P/dt 


R 


The  current-strength  now  traversing  tlie 


circuit  is  evidently  that  due  to  the  electromotive  foreft 
E  —  d^/dl ;  i.e.,  it  is  as  if  the  electromotive  force  of  the 
cell  were  diminished  by  an  antagonistic  or  coanter-elec* 
tromotive  force  d^/dt  or  e,  due  to  the  induction  oaut«4 
by  the  variation  in  the  flow  of  force  traversing  the  cir- 
cuit. If,  however,  the  circuit  be  moved  by  an  external 
force  so  that  the  flow  of  force  varies  in  the  opp(»site 
direction,  the  counter-electromotive  force  d<P/dt  or  f  will 
be  negative,  will  add  itself  to  that  of  the  c^ll,  and  the 
current-rttrongth  will  be  increased-  Obviously,  the  de- 
velopment of  this  counter-electromotive  force  depends 
only  on  the  rate  of  variation  of  the  field,  at)d  not  at  all 
upon  the  previous  existence  of  a  current  in  the  win*. 
CouHequeutly  the  law  of  the  development  nf  oleotroroo- 
tive  force  by  induction  may  be  thus  stated:  The  totul 
electromotive  force  induced  in  any  circuit  at 
a  given  instant  is  equal  to  the  time-ratio  of  the 
variation  of  the  flow  of  magnetic  force  across 
this  circuit.  It  follows  that  the  total  quantity  of 
electricity  put  in  motion  by  any  displaoenjent  of  a  mag- 
netic system  is  equal  to  the  quotient  r)f  tlie  variation  o{ 
the  flow  of  force  corresponding  to  this  displacement  by 
the  resistance  of  the  circuit.  Thus  if  the  flow  vary  from 
sP,  to  0,  in  a  circuit  whose  resistance  is  ii*,  the  qujintitj 
of  electricity  Q  put  in  motion  is  (^,  —  ^^/R.  It  il 
independent  of  the  time  and  of  the  mode  of  the  varia- 
tiou.     T\ift  cwtveviV  I,\\ciNjfe\^\,\ft  nv  (auction  of  the  tim»>, 
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since  Q  —  Idt ;  whence  if  the  variation  of  the  flow  *,  —  ^^ 

g        1     "^  ^ 

take  place  in  the  time  t,  the  current  I  =  —  =  -^  _  ^^ 1 

=r  (4*,  —  i>^)/Rt,  Or,  iu  other  words,  if  the  strenj^th  of 
the  field  varj  from  ^,  ilynes  to  <^,  dynes  iu  tlie  time  t 
(i.e.,  if  the  number  of  lines  of  force  vary  from  *,  to  *,) 
the  current-strength  in  electromagnetic  units  will  be  ob- 
tained by  dividing  this  difference  by  the  resistance  of  the 
circuit  and  by  the  time.  Evidently  if  4*^  is  the  greater, 
the  current  will  be  a  direct  or  positive  one ;  while  if  ^^ 
is  the  larger,  the  current  will  be  negative  or  iuverse. 
Again,  if  a  rectilinear  conductor  of  lengtli  I  move  with  a 
speed  6  through  a  field  of  force  of  strength  U  parallel  to 
^  itself  and  perpendicular  to  tlio  lines  of  force,  the  elec- 
tromotive force  developed  in  it  will  be  Uh ;  the  current 
Tvill  be  Hls/R\  and  the  work  doue  by  or  upon  it  in  the 
time  i  will  be  NH'sU/R  Thus  in  Fig.  352  let  CC  be  the 
rectilinear  conductor  of  length/,  and 
let  it  move  parallel  to  itself  with  a 
speed  s  ahmg  the  rails  AA\  BB\ 
whose  plane  is  perpendicular  to  the 
flow  of  force  II.  Then  the  flow  of 
force  per  unit  length  per  nnit  dis- 
placement will  be  H,  the  flow  per 
length  I  will  be  i//,  and  per  s  units  of 
displacement  per  second,  i.e.,  the 
electromotive  force,  will  be  His, 
Whence  by  Ohm's  law  /=  Uh/R\ 
and  the  energy  expended  iu  the  time 
/  willbo  ir=/'/^/  =  //T«V/7?.  If, 
for  example,  a  meter  bar  move  hori- 
zontally in  the  earth's  field  with  a  uniform  speed  of  20 
meters  per  second,  the  difference  of  potential  developed 
at  its  ends,  assuming  the  vertical  component  of  the 
earth's  magnetism  to  be  058  dyne,  will  be  0*58  X  100 

IX  2000  =  IICOOO  C.  G.  S.  or  -OoilC  volt 
008.  Rcctipitulation. — An    induced    current    in    a 
closed  conducting  wire,  then,  is  always   the   result  of 
: 


a  variation  in  tbe  strength  of  a  magnetic  field  iu  which 


tliiH  wire  is  immersed.  Hence  it  is  to  he  obser 
(1)  that  two  equul  and  opposite  vuriatious  prodi 
equal  and  opposite  currents;  (2)  that  the  dnration 
the  induced  current  is  the  same  a8  that  of  the  variati 
of  the  £eld ;  (3)  that  the  total  quantity  of  electrificatj 
transferred  is  independent  both  of  the  time  and  of  i 
mode  of  the  variatinu  ;  and  (4)  that  in  a  uniform  fi( 
no  induced  current  is  produced  unless  the  condocti 
v/h'e  is  so  displaced  or  deformed  aa  to  vary  the  flow 
magnetic  force  through  its  circuit 

EzpnuxcNTS. — Produce  a  uaiform  roa^etic  field  by  pUoing  1 
iron  cubes  on  the  polefl  of  an  electroinagnet.  The  Unes  of  fa 
will  be  Btmight  linos  |)assing  from  one  cul>e  to  the  other  perp 
dicular  to  its  surfaces;  ra  may  bo  shovrn  by  a  &}ieet  of  paper  i 
t^ome  iron  fllings. 

I,  Connect  the  two  ends  of  n  straight  wire  with  a  galranomH 
and  place  the  wire  horizontally  in  tht*  field,  its  length  being  |ierp 
dieiilnr  to  the  lines  of  force.  On  moving  it  in  the  direction  of 
length,  or  parallel  to  the  lines  of  force  from  one  side  of  the  6ek 
the  other,  no  effect  is  produced  on  the  galvanometer:  while  if 
wire  be  moved  vertically  so  as  to  move  across  the  linea  of  force, 
galvanometer  needle  is  strongly  deflected.  Since  the  wire  a&d 
gidvannmeter  form  a  cIoshI  circuit,  it  is  evident  that  th<»  1M 
force  through  this  circoit  is  vari«l  only  by  this  Utter  motion, 
number  of  lines  of  force  i^a^sing  through  the  circuit  being  tncrea 
or  diminislied  according  to  the  direction  of  the  m*>tion. 

3.  Make  a  ring  of  scvcnd  turns  of  covered  wire,  of  a  lea*  di) 
eter  than  the  distance  between  the  pole  pieces,  and  connect  it  to 
ealvanomeccr.  Place  it  in  the  field  (a)  with  its  pU.De  vertical  j 
with  its  axis  parallel  to  the  lines  of  force.  Move  it  eitbpr  TfVtM 
or  horisontally  in  its  own  plane,  or  parallel  to  itself  in  the  dind 
of  its  axis;  no  defiiHition  U  obtained,  since  evidently  in  tlw>  la 
case  the  number  of  lines  of  force  traversing  the  ring  (i.e.,  the  1 
of  force  through  it)  is  unaltered  :  and  in  the  former  case  na  n 
leave  it  on  one  side  as  enter  it  on  the  other,  and  the  total  flow  b  t 
nUiui.  If,  however,  the  ring  be  moved,  stitl  parallel  lo  itself.  I 
the  edge  of  the  field  where  it  is  no  longer  uniform,  then  the  floi 
force  through  the  ring  will  vary  with  its  position,  and  a  deAecl 
will  be  obtained,  (b)  Place  the  ring  vertical  or  hoiiwintal,  holt 
itJ*  axis  per|)endicular  to  the  lines  of  force  ;  no  effect  roflultA  wbfl 
IS  moved  either  in  its  own  plane  t»r  panUlel  to  this  plane,  since  tl 
is  no  flow  of  force  thmngh  it  in  any  of  ihwe  positions.  The  sua 
true  if  it  be  moved  from  the  center  to  the  wlge  of  th«  6eld. 
V\at:c  l\v«  T\u%  vixih  iu  axis  parallel  to  the  lines  <>f  forxnr  and  n^ 
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it  in  lu  own  plutto  about  this  axis.  No  vumtiou  of  iho  flow  of  force 
jur*,  HU<i  Ihcrcfoi-e  no  deflection,  (d)  Hlucu  the  ring  with  its  plane 
krnUcl  tu  iht*  din^tion  of  thu  field  and  rotate*  it  Hbout  u  diamt'lcr 
purallel  to  tho  linen  uf  force.  No  induced  current  rt'sults.  (e) 
Kotttte  the  ring  about  an  axis  perpendicular  to  the  directioti  of  the 
lines  of  force  as  ii  diameter.     A  strong  deflection  will  be  produced. 

Olio.  Mim;ii(>t(»-  or  l>3iiuiiiu-electric  liuliii'tioii. — As 

already  deHueil,  nmguetu-  or  dynamo-electric  induction 
results  from  the  luecbjiuicnl  dinplaceninut  t>f  a  Held  w  itii 
refereuce  tt)  a  circuit  or  of  a  cirtjuit  with  reference  to  a 
field;  this  field  bein*?  produced  either  by  a  permaneut 
inaguet  or  by  an  eleutromaguet.  Evidently  in  this  case 
the  energy  of  the  cun'ent  is  derived  from  the  mechanical 
euerj^y  expended  in  produciuj,'  the  motion.  Two  cases 
mav  be  considered:  first,  where  the  field  is  cimstant  aiul 
the  pomtiou  of  the  circuit  is  so  changed  as  to  vary  the 
fl(»w  of  force  tlirough  it;  and  second,  where  the  circuit 
remains  invariable  in  position  aud  the  field  varies  in 
strength  from  one  value  to  another.  If  the  time  of  vari- 
ation is  very  short,  the  quantity  of  electrification  gener- 
ated produces  a  momentary  current  which  is  measured 
on  a  ballistic  galvanometer  (678). 

TOO.  Kartli  liHluctioii. — Inusmuch  as  the  earth's 
magnetic  field  is  nearly  constant  at  any  given  place,  the 
displacement  of  a  closed  circuit  in  it  in  sucli  a  way  as  to 
rary  the  How  of  force  through  this  circuit  will  generate 
an  induced  current  in  it.  Since  when  a  linear  conduc- 
tor moves  so  as  to  cut  the  lines  of  force  perpeudicularly, 
the  inducetl  iH)tentinl-<liffereuce  is  proportional  to  the 
strength  of  the  field  //,  to  the  length  of  the  conductor  l^ 
and  to  the  speed  of  the  motion  a*,  we  liave  K  =.  Ilh ; 
provided  the  wire  be  maintained  vertical  and  be  made 
to  move  horizontally  across  the  lines  of  force  or  be  k*'j)t 
horizontal  and  be  made  to  move  vertically  across  them, 
remaining  always  parallel  to  itself,  //  being  now  the 
horizontal  component  of  the  earth's  force.  The  current 
induced  /—  E/R  —  llU/Ii,  and  the  quantity  of  electri- 
fication Q=  It  =  Hlst/Ii.  Since  sf  =  n  in  the  distance  d 
moved  in  the  time  /,  and  since  Id  is  the  surface  described 
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by  the  conductor  in  iis  inotiou,  Q  =  Hhl/ R  = 
*P/  li,     Heuce  the  quantity  of  electrification  transfef 
is  equal  to  the  ratio  of  the  ilow  of  force  to  the  resists 
of  the  circuit ;  the  flow  of  force  being  always  equa 
the  intensity  of  the  field  (i.e.,  to  the  flow  through 
surface)  niultipliod  by  the  number  of  units  of  surfi 
Hence  if  S  be  the  surface  of  a  plane  circuit  and 
circuit  be  moved  in  the  earthen  field  from  a  positioi 
wliich  no  lines  of  force  pass  through  it  to  a  positioi 
which  /f  liues  so  pass  (Le.,  from  a  position  in  which 
plane  is  parallel  to  the  lines  of  force  to  one  in  whic 
is  perpendicular  to  tlxese  lines),  the  total  flow  of  ford 
y/iV,   and   the   quantity   of   electrification    developed 
HS/Ii,     If,  for  example,  a  circular  coil  of  surface  S(: 
H  coil  of  n  turns,  each  of  surface  s)  be  rot^ited  abctu 
vertical  axis  through  180°,  from  a  position   where 
lines  of  force  are  parallel  to  the  axis  of  the  coil  in 
positive  direction,  to  one  where  they  are  parallel  in 
negative  direction,  the  total  flow  of  force  is  evidei 
2^=2//iS;  and  the  quantity  of  electrificatiou  derelof 
Q,  =  "IHS/R.      This   induction    has   been    utilized 
Weber  for  determining  the  direction  of  the  earth's  U 
force ;  i.e.,  the  inclination  or  dip.     For  by  placing 
a  circular  coil  horizonUilly  and  rotating  it  about  a  k 
zontal  axis,  the  total  flow  of  force  on   rotating   it  ] 
will  be  2V8j  in  which  Fis  the  vertical  component  of 
earth's  magnetism  ;  whence  Q^  =  "IVS/IL     From  tfa 
two  equations  Q  :  Q,  '.:  77  :  V  =  tan  6  :  1. 

70I.  Mag-netie  Field  MeaHiiroiniMit. — The  eqnat 
Q  —  2FS/R  has  been  applied  by  Rowland  tn  the 
termination  of  F,  the  strength  of  a  magnetic  field 
absolute  measure.  For  if  the  diHoharge-deflcctiol 
be  determined  with  a  ballistic  galvanometer,  2KS/II 
k  sin  ^6.  Magnetic  fields  may  be  compared  with  t 
of  the  earth,  therefore,  by  placing  a  smaller  inducloi 
circuit  with  the  earth-inductor  and  uoting  the  deflecti 
^  and  6'  when  these  inductors  are  alternately  rota 
180^  in  their  respective  fields;  and  then  F:H=Sd':i 


'f  and  d'  being  the  scale  readings.     In  the 


same 
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relative  streugth  of  the  same  field  at  different  poiuts 
may  be  meauured  \  and  if  the  constant  of  the  coil  be 
determined  from  the  discharf^e  given  by  the  coil  when 
rotated  180°  iu  a  tield  of  known  strength,  the  absolute 
strength  of  any  other  tield  may  be  ascertained.  So  if  a 
small  coil  be  placed  on  the  surface  of  a  magnet  and 
rotated  180%  the  discliarge-deilection  will  be  i)ro])artional 
to  twice  the  flow  of  force  through  the  coil,  and  the  quo- 
tient of  this  by  the  surface  will  represent  the  normal 
magnetic  component  fur  that  purt  of  the  magnet.  If 
the  magnet  be  cylindrical  and  the  coil  be  moved  from  a 
position  M  to  another  J/',  the  discharge-deflection  will 
measure  the  variation  of  the  flow  of  force  during  the 
displacement;  and  this  divided  by  the  surface  of  the 
coil  will  give  the  mean  value  of  Hie  normal  component 
of  the  magnetic  force  between  those  points. 

7012,  Sclf-iiirliictioii. — Mniiial  I  nil  net  ion. — In  the 
forms  of  induction  now  to  be  considered,  however,  the 
variation  of  the  flow  of  force  is  produced  by  variations 
iu  the  strength  of  an  electrical  current  (695) ;  and  the 
energy  of  the  induced  or  secondary  current  is  derived 
from  that  of  tlie  inducing  or  primary  current.  Faraday 
iu  18m  observi'd  that  on  conipletiug  or  breaking  the 
current  flowing  iu  a  helix  an  induced  current  is  gen- 
erated in  a  second  wire  wound  outside  the  first.  And  in 
1832,  Henr}-  proved  that  any  variation  in  the  streugtli  of 
a  current  in  a  helix  is  also  capable  of  inducing  currents 
in  the  contiguous  spires  of  the  helix  itself.  The  former 
ia  called  mutual  induction,  since  it  takes  ]kbice  mutually 
betweeji  two  adjacent  coils.  The  latter  is  called  self- 
Induction.  because  it  represents  the  action  of  a  coil  on 
itself.  It  is  also  called  inductance.  When  the  ends  of  a 
coil  of  wire  are  connected  with  an  electric  generator, 
only  a  slight  spark  will  be  observed  on  making  the  con- 
tact, while  a  brilliant  one  appears  on  breaking  it ;  the 
result  depending,  of  course,  upon  the  length  of  tlie  coil 
and  upon  the  current-strength.  Moreover,  the  eflect  is 
increased  by  placing  iron  in  the  core  of  the  coil.  If  the 
hands  be  made  to  toxich  the  terminals  of  the  coil  when 
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the  circuit  is  broken,  a  lUstiuct  Hhock  is  perceirM 
a  fine  platiuum  wire  may  be  (used  b}  tlie  extra-ctt 
thuH  developed.     Since  the  time  of  variation  of  the 
ia  shorter  ou  opeuiug  the  circuit,  the  induced  cnrre 
opeuiug  is  stranger  than  that  ou  dosiug. 

KXPGR1MENT8.— 1.  PInce  a  large  el«otromaxnet  in  circuit 
f^vanometf^r  aiul  a  Accoudary  battery.     Ou  clusiug  the  circ 
current  will  tx*  seen  to  rise  gradually  and  to  take  Us  full  sti 
only  after  considerable  tinm ;   iu  the  case  of  very   targe  m» 
suvenil  i^^cotld8. 

3.  Pliice  across  the  terminals  of  the  magnet  an  Incand 
lnn»p.  of  such  resistance  that  the  battery  current  will  bring  i 
to  dull  redness.  I*it*ak  now  the  connt'Ction  with  (he  baUe 
obAerve  that  the  lamp  will  become  vividly  incaudesoeot  I 
inalaiit,  due  to  the  ejktra-currtsut.  ^_ 

70a.     Coefltelent    of   St^lt'-iiidiK'tloii.  — A^H 

started  in  a  coil  does  not  attain  at  once  its  perm 
value.     Sine**  during  the  variable  state  the  rate  i 
crease  is  not  uniform,  we  may  represent  the  con 
electromotive  force  developed,  as  the  product  of  a  I 
depending  n}>on  tlje  coil  itself  into  the  rate  of  en 
increase  during  an  element  of  time.     Calling  this  I 
L  and  t,  the  rale  of  current-increase  during  the  i 
f,  =  Lif,     The  current  developed  will  be  ^/i?  an 
quantity  of  electrification  «*,////  or  IA//IL     Sin<M 
rate  of  increase  of  the  current  multiplied  by  the  til 
iuorease  represents  the  entire  current  generatf^il  in 
time,  (V  is  tlie  total  current  generate*!  in  the  inter 
If  the  whole  time  Tbe  divided  into  n  intervals,  snofa 
nt  =  7',  the  total  quantity  generated  iu  the  time  3 
be  2{e^./R)  for  the  n  intervals  ;  or  since  t  =  T/ 

is  the  mean  potential-difference  daring  tlie 

^(i/  n)  the  mean  rate  < >f  increase  of  the  current   Thei 
^(t/n)  multiplied  by  Tor  2(iT/n)  =  :£(i(),  ih  th^ 
current  produced  iu  the  time  T.     If  this  qnantil 

assumed   to   l>e  unity,  the   expression  ^'?^^ 

«      li 
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L/Ii ;  aud  if  the  resistance  of  the  cii'cuit  be  also  uuitj*,  the 
-whole  quantity  of  electrification  induced  in  the  time  Twill 
be  L.  This  factor  Z  is  called  the  inductance  of  the  coil  or 
its  coefficient  of  self-induction;  uud  it  is  deBued  aa  the 
quantity  of  induced  electrification  which  is  de- 
veloped in  the  coil  assumed  to  be  of  unit  resist- 
ance, when  unit  current  through  it  is  made  or 
broken. 

Since,  other  thing's  being  equal,  the  quantity  of  elec- 
trification productnl  is  directly  ijroportiouMl  to  the  flow 
of  force,  the  indnctance-coefficient  is  expressed  frequently 
in  terms  of  the  flow  of  force.  Since  the  strength  of  the 
current -field  is  dependent  not  alone  on  the  strength 
of  the  current  flowing  in  the  circuit,  but  also  on  the 
shape  and  size  of  the  circuit  itself,  the  flow  of  force 
dereloped  by  a  given  current  is  proportional  to  the  prod- 
uct of  the  current-strength  /  by  the  factor  L  dei)ending 
on  the  circuit*  the  inductance-coefficient;  i.e.,  4»  —  IL, 
Whence  L  =  4>//;  2Lnd  this  coefticieut  may  be  defined  aa 
the  ratio  of  a  flow  of  force  to  a  current-strength.  So  that 
if  /be  unity  L—  ^\  or  the  coefficient  of  inductance 
or  self-induction  of  a  circuit  is  unity  when  unit 
current  started  or  stopped  in  that  circuit  in- 
duces unit  flow  of  force  through  it.  For  a  long 
coil  having  a  single  layer  of  wire,  L  =  ArrN^S/l ;  iu 
which  N  is  the  number  of  turns,  S  its  section,  aud  /  its 
length. 

Since  the  dimensions  of  flow  of  force  are  M^/JT~* 
while  those  of  current  are  3I^L^T'\  the  dimensions  of 
inductance,  being  the  quotient  of  these  quantities,  is 
simply  a  length  L,  Hence  in  the  C.  G.  S.  system  the 
unit  coefficient  of  inductance  is  a  centimeter.  For  prac- 
tical purposes  a  unit  one  thousand  million  times  as 
large  has  been  adopted  and  called  a  quadrant;  since  tliiu 
is  the  number  of  centimeters  iu  a  quadrant  of  the  earth. 
A  quadriitit  therefore  is  10'  C.  G.  S.  units  of  self-induc- 
tion. Since  an  ohm  is  a  quadrant  per  second,  an  ohm- 
second  (or  a  ftecohm  as  it  is  called  by  AjTton  and  Perry) 
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iH  the  cquivftleut  of  a  quadrant.     In  this  oonntr 
unit  coefficient  of  self-iuduction  is  called  a  henry 

In  the  Bame  way,  since  e^  =  Lit,  E  =  L2£{,{  =  L  f 

unit  coefficient  of  inductance  may  be  defined 
value  of  the  potential-difference  developer 
circuit  when  the  rate  of  variation  of  the  onr 
Htrength  is  unity,  And  again,  since  7^=  ^Ll 
the  energy  stored  up  in  the  circuit  during  the  va 
period,  and  which  appears  on  breaking  the  circuit 
extra-current  spark,  the  coefficient  of  inductance  n 
defined  as  twice  the  energy  stored  up  in  a  ci 
during  the  variable  period,  tbe  final  streng 
the  current  reached  beiug  equal  to  unity, 
these  values  are  identical  when  the  penueabillty  i 
uiediuui  is  constant 

T04.  Cucflloioiit  of  Mutual  Iiuluctioii. — When 
rent  of  strcugth  /  traverses  a  circuit  a,  it  produces 
<»f  force  0.  If  a  second  circuit  h  l>e  near  it,  more  < 
of  this  flow  of  force  traverses  it  also,  depeuiling 
the  distance  separating  these  circiuts,  upon  their 
tlie  number  of  turns  in  them,  their  sizes,  and  their  r€ 
positions.  Hence  the  flow  of  force  i)roduce<l  iu 
current  /in  n  is  proportional  to  the  current  /uiuU 
by  a  factor  M  representing  these  ct»nditious  and 
tlip  coefficient  of  mutual  induction  between  the  two  ci] 
It  is  defined  us  the  ratio  of  the  flow  of  fore 
secondary  circuit  to  the  strength  nf  the  en 
flowing  in  the  primary  or  inducing  cironi 
that  two  circuits  have  unit  coefficient  of  m 
induction  when  unit  current  flowing  in  o 
Teln])K  unit  flow  of  force  through  the 
This  unit,  in  the  C.  G,  S.  electromagnetic  systei 
the  unit  of  self-induction,  is  a  centimeter ; 
praetic^l  unit  is  10"  absolute  units,  or  a  qnadraat 

Inasmuch,  however,  as  Ix^th  tlio  j)rimary  and 
ary  circuits  possess  self-induction,  the    phennme 
mutual  induction  cannot  be  obtained  free  from  lb 
self-induction  ;  ajid  hence  the  former  are  th 
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plex.  Thus,  for  example,  on  closiug  tLe  circuit  through 
the  primary  ooil  tr,  a  curreut  will  be  developed  in  the 
Hecondftry  coil  b  tending  to  oppose  u*s  flow  of  force 
through  li,  uud  the  self-induction  of  h  act^  iu  its  turu  to 
oppose  the  development  of  a  current  in  h.  So  the  cur- 
rent induced  iu  h  will  react  on  a,  uiodifjiug  itb  variable 
period  by  an  aiuouut  depending  on  L^,  -^b,  and  J/,  ou 
the  reeiHtances  7?^  and  Rf,^  and  ou  the  potential-difl'erence 
in  the  primary.  For  two  concentric  coils  of  considerable 
length,  M  =  AnNN'S/l  \  in  which  N  and  N'  are  the 
number  of  turns  in  the  outer  and  the  inner  coils  respec- 
tively, S  the  surface  of  the  inner  coil,  and  I  its  length. 


(6)  jipplicaHona  of  Indwction. 

70/5,    Applications  of  the    foreg^oinir  Principlea,— 

iTippose  a  coil  of  wire  (Fig.  353)  to  rotate  uniformly 
in  the  earth's  magnetic  field  about 
a  vertical  diameter  as  an  axis.  Evi- 
dently there  is  no  flow  of  force 
through  it  when  its  plane  is  in  the 
meridian,  and  the  flow  of  force  is  a 
maximum  when  its  plane  is  |)erpen- 
dicular  to  the  meridian.  But  the  rate 
of  variation  of  the  flow  is  a  maximum 
in  the  former  position  and  a  miuiumm 
in  the  latter.  Moreover,  witli  refer- 
ence to  the  coil,  the  direction  of  the 
flow  changes  sign  at  each  half-revo- 
lution, this  change  taking  place  at 
the  instant  M-hen  the  plaue  of  the 
coil  is  perpeudicular  to  the  mendian. 
lujxsmuch  as  the  potential-difference 
developed  by  the  induction  is  pro- 
portional to  the  rate  of  variation  of 
the  flow  of  force,  it  will  reach  a  maximum  when  the 
plane  of  the  coil  is  in  the  meridian  and  become  zero 
when  this  plaue  is  perpendicular  to  it ;  changing  sign  at 
this  point  and  reaching  a  negative  maximum  when  the 
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coil  ban  revolved  180°  and  its  plane  \h  again  parallel  to 
the  uieridiau.  In  other  words,  the  difference  of  iK>teu- 
tial  at  the  terminals  of  the  coil  varies  with  the  angle 
made  by  the  axi«  of  the  coil  with  the  meridian,  beiu^ 
])ro]>ortioual  to  the  sine  of  that  angle.  If  6'  be  the  area 
t)f  the  coil  and  H  the  horizontal  component  of  the  eartb'a 
force,  8H  will  be  the  total  flow  of  force  throagh  the  coil 
when  the  axis  of  the  coil  is  in  the  uiendian.  If  tlie 
angular  velot^itj  of  rotation  be  gj,  then  o^-Si/  will  be  the 
maxiuium  rate  of  variation  of  the  flow  of  force  and  ^H 
niu  a  the  actual  rate  when  the  axis  of  the  coil  mak.es  the 
angle  a  with  the  meridian.  Ah  the  angular  velocity  uii& 
2n/T^  where  T  is  the  time  of  a  complete  rotatiou,  we 
may  write  for  the  maximum  potential-differoncn  <level()j»ed 
E^^^  =  InSHjT  and  for  the  nctiial  potential-diJference 
when  the  coil  has  turned  through  an  angle  6*,  E^  =  {2nSIl 
f\iu0)/T;  or  in  time,  HJnce  /  ia  the  time  rcquire<l  to  mtnte 
the  coil  through  thia  angle.  (/  :  T  ::  6:  2t), 


Eq  =  2rr-Y  s"i  St  ™ 
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Hence  Et^  —  E^j,  when  t  =  ^,  |,  {,  etc.,  of  T\  i.a,  tt 
every  half-revolution,  when  G  —  90^  270'',  450*,  etc. 
While  when  ^  =  0,  |,  \,  J,  of  T,  the  value  of  E  become* 
zero.  Since  Efj  •=  -^„ax  sin  ^,  the  current-strength  in  tli« 
circuit,  if  the  resistance  be  /?,  is  /^  =  (£In*K  *i^  ^)/^  i  *^ 
tlie  activity  or  Ffjf^  will  be  {E\^^  sin'  tf)/R.  Her**  the 
potential-difference  and  the  current  var^*  periodically, 
and  arp  alternate  in  direction  ;  c<iustitnttug  jin  alUmatinf 
current.  The  law  of  variation  is  that  of  the  sinusoid ; 
the  lower  curve  here  piveu  (Fig.  354)  showinjj  ill  is  law 
for  the  potential -difference  £^and  the  current*strength  /; 
and  the  upper  cune  (which  since  squares  are  poaitire 
is  all  above  the  axis)  representing  the  variation  of  the 
energy  in  the  circuit  (Hoepitalier). 

The  mean  value  of  the  potential  difference  andof  tlic 
current  flowing  through  the  circuit  is  represented  of 
coutae  "b'v  tW   Tt\«^«v\  xaW^  of  the  ordinates   to  thew 


KNKHQT  OF  .STIIERFLOW.—BLSCTHOKJNKTICS.  Hli) 

curves.  This  mean  value  is  obtained  by  clividiog  the 
area  of  the  curve  bj  its  length.  The  area  of  the  curve 
between  0°  and  n  is  twice  tlie  maximum  ordinate ; 
whence  calliug  this  ordinate  unity  we  have  for  the  mean 
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ordinate  2/?r  or  0'6366.  Hence  the  mean  potential 
difference  of  such  au  alteruatiug  current  is  0'636G  £t„mx. 
and  the  mean  current  is  0'63G0  /^^x* 

Thus  far  we  have  neglected  the  self-induction  of  this 
coil.  If  L  be  its  coefficient  of  self-induction,  calculation 
shows  that  the  resistance  of  the  circuit  ^vill  become,  in- 
instead  of  B,  the  quantity  i'TF^^^TV/W  or 
VR*-^(m)*U,  Calling  this  7?, ,  the  current-strength /g 
=  ^m«  Hin  (^-0)/7?. ;  that  is.  E^,,  sin  ({^nt / T )-</>) /B,, 
Hence  while  the  new  current  has  the  same  period  as  the 
old  one,  its  phase  is  changed.  It  is  retarded  by  the  self- 
iudnction  and  reaches  its  maximum  later  than  the 
potential-difference  by  the  angular  quantity  <f>,  detined 
by  the  expression  tan  0  =  a)L/jR»  Since  the  maximum 
value  of  0  is  ^tt,  the  difference  of  phase  is  j- ;  and  hence 
the  maximum  retardation  is  equal  to  one  qnai'ter  of  the 
entire  period.  In  the  figure  (Fig.  355)  the  full  line  rep- 
resents the  current- variation  and   the  dotted  line   the 
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variation  of  potential.  Moreover,  the  effect  of  the  self- 
iuductiou  in  the  circuit  is  to  increase  its  a]i]iarent  resiRt- 
ance.  Since  the  tangent  of  0  is  cdL/R  it  appears  that 
the  angle  of  retardation  or  lag  is  a  function  of  the  speed 
as  well  as  of  the  ratio  of  the  self-induction  to  the  resist- 
ance of  the  circuit  Moreover,  since  the  resistance  is  in- 
creased from  li  to  VI^  +  a>*U  ,  the  apparent  increase 
due  to  the  second  terra  in  this  expression  is  a  function 
also  of  the  speed  and  of  the  self-induction  ;  but  is  now  a 
function  of  their  {product 
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The  alternating  currents  are  led  off  from  the  rotating 
coil  bj  means  of  two  springs  pressing  upon  two  metallic 
rings  on  the  axis  of  rotation,  to  which  the  ends  of  the 
coil  are  respectively  connected.  iSince  the  current  is  re- 
versed every  half-revolution  the  numl>er  of  alternations 
is  twice  the  number  of  revolutions.  This  alternating 
current  may  be  converted  into  a  direct  current  bj  con- 
necting the  two  ends  of  the  coil  to  two  semi-cylindric.*il 
metallic  segments  called  a  commutator  fastened  to  the 
axis  but  insulated  from  it,  upon  which  the  springs 
press.  The  current  in  the  external  circuit  is  thus  re- 
versed every  half-revolution  and  is  thereby  made  uniform 
in  direction. 

706.  Faraday's  Disk, — In  1831,  Faraday  devised  the 
first  arrangement  for  producing  continuous  currents  by 
means  of  electromagnetic  induction.  He  rotated  a 
copper  difik  \u  a  maguet\.\<i  ^fc\vk^\A^e.  ^vla  BO  of  the  disk 
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being  parallel  with  the  lines  of  force  H  of  the  deld  (Fig. 
856).  By  means  of  two  con- 
tact springs  A  and  B  touching 
respectively  the  axis  and  the 
circumference  of  the  disk  the 
indnt-ed  currents  were  carried 
to  the  external  circuit.  If  we 
BUppose  the  Held  uuiform  and 
of  strength  //,  the  angular 
Telocity  of  the  disk  to  be  a?, 
the     area    of    the    sector    de- 

oribed  in  unit  of  time  will  be  ^'(u,  in  which  a  is  the 
radius  of  the  disk  ;  and  the  flow  of  force  per  second 
■|a'a?2f;  which  is  the  potential  difference  developed. 
Hence  the  current-strength  will  be  a^coH/2R,  where  R 
IB  the  total  resistance  of  the  circuit.  If  T  be  the  time 
of  rotation  and  *^  the  entire  surface  of  the  disk,  *.?=  na^ 
And  Tcm)=i27C.  Whence  I=SH/Tn.  Suppose  the 
ftrea  of  the  disk  to  be  a  square  meter  and  that  it  rotates 
-ten  times  a  second  about  a  horizontal  axis  parallel  to 
the  magnetic  meridian.  Assuming  the  value  of  JI,  the 
earth's  horizontal  tM)mpnnent,  to  be  0'2  we  have  for  the 
potential  difference  developed  10* .  10 .  0*2  or  2 .  10*  C.  G.  S. 
electromagnetic  units  or  2.10"'  volts  ;  so  that  if  the  re- 
fiistauce  of  the  circuit  be  as  low  as  1G~*  ohms,  a  current 
of  two  amperes  will  How  through  it. 

Barlow  in  182^  luul  supported  a  copper  disk  capable 
of  rotation  about  a  horizontal  axis,  so  that  its  lower 
edge  just  dipped  into  mercury  contained  in  a  hollow 
Space  in  a  board,  between  the  poles  of  a  U-shaped  steel 
magnet,  lying  flat  ou  the  board.  He  found  that  rotation 
of  the  disk  took  place  whenever  a  current  was  sent  radi- 
ally through  the  <lisk  from  the  axis  to  the  mercury.  If 
we  muy  suppose  the  field  to  be  uuiform,  and  to  have  a 
Talue  ^peri)endi(.'uljir  to  the  plane  of  the  disk,  of  sur- 
face iS',  then  HS  will  Iw  the  flow  of  force  through  the  disk 
during  one  rotation  ;  and  this  therefore  represents  the 
iall  of  potential.  Since  the  work  done  is  El^  the  ex* 
pressiou  HIS  represents  the  entire  work  done  in  one 
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reTolntion  of  the  disk  under  the  action  of  the  current. 
And  if  the  speed  is  n  rotations  per  second,  the  rate  of 
work  or  work  per  second  is  n  times  this  quantity  or 
nHfS,  Evidently  the  wheel  of  Barlow  and  the  disk  of 
Faraday  are  complements  of  each  other.  The  former 
receives  electrical  energy  and  converts  it  into  mechanical 
energy ;  thus  acting  as  a  motor.  The  latter  receives  me- 
chanical onerg}'  and  transforms  it  into  electrical  energy; 
thus  acting  as  an  electrical  generator.  Connecting  a 
Faraday  disk  then  with  a  Barlow  wheel,  the  mechanical 
power  appliefl  to  the  generator  could  bo  transmitted 
electrically  to  the  motor  and  there  recovered  more  or 
less  j>erfectly. 

707.  Iiulnctlon  In  Irrejfiilar  Masses.  —  Whenever 
variations  tiike  place  in  the  strength  of  any  magnetic 
tield  electrical  currents  are  induced  in  all  metallic 
masses  within  that  field.  These  curi-ents  are  commonly 
called  Foncault  currentt,  from  their  discoverer.  Foncault 
was  the  first  to  observe  that  great  mechanical  resistance 
is  experienced  when  an  attempt  is  made  to  rotate  a  disk 
of  copper  in  a  powerful  mjiguetic  tield.  And  he  showed 
that,  if  the  rotation  is  maintained  the  disk  becomes 
heated.  This  is  evidently  only  a  simple  consequence  of 
Lenz*s  law.  The  currents  induced  by  moving  the  con- 
ductor in  the  field  are  in  such  a  direction  as  to  oppose 
the  motion.  So  that  if  energy  be  expended  sufRcient  to 
maintain  the  motion,  this  energy  appears  as  the  elec- 
trical energy  of  induction  currents  ;  which  currents  cir- 
culating in  the  metal  are  converted  into  heat  within  it 
in  consequence  of  its  resistance. 
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Experiments. — 1.  By  menna  of  nnittiplying  gear,  rotaif  a  «_M)p|ier 
disk  80  that  one  edge  passes  boiwecn  iho  poteft  of  a  powerful  «Iwtro- 
raagnet.  Notice  that  while  the  rotation  Is  easy  when  ilie  luagDet  t» 
not  charged,  it  become*  difficult  when  the  current  passes  through  \l. 
Notice  alAo  that  the  work  required  increases  with  the  speed  of  rola- 
tion.     (Foucault.) 

2.  Suspend  ft  coi)per  cube  between  the  polen  of  the  magnet 
by  a  twisted  string,  and  allow  the  cnbo  to  rotAt«.  When  it  hiK 
attained    a   \\\^  ft\>eet\,  close  the   current   through   the  magneL 
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Notice  that  it  will  be  brought  at  once  to  almost  entire  rest.     (Fara- 
day.) 

3.  Repeat  Experiment  1  with  a  flisk  similar  in  all  respects,  except 
that  radial  slitA  have  Iwon  cut  in  ii  at  frequent  intervals.  Notice 
the  much  less  effect  when  the  muKnol  is  charged,  the  circulation  of 
the  Foucault  currents  in  the  disk  lieing  partially  prevented  by  the 
interruption  of  continuity. 

708.  UaiiipiuK  Kftect  oi  liuliiction. — In  1824,  Gam- 
bey  Doticed  that  au  oscillating  magnetic  needle  comes 
to  rest  much  sooner  wLeu  a  plate  of  copper  is  placed 
beneath  it.  Arago,  in  1825,  rotated  a  copper  disk  be- 
neath a  buspended  magnetic  needle,  and  observed  that 
the  needle  is  deHected  always  in  the  direction  of  rota- 
tion. Moreover,  Babbage  and  Hersehel  found  that  the 
effect  is  proj)ortioual  to  the  conductivity  of  the  disk  ; 
being  a  maxiinuin  for  silver  and  a  minimum  for  bis- 
muth. With  glass  no  etfeot  was  observed.  These 
phenomena  were  all  explained  by  Faraday  after  his 
discovery  of  induction.  The  relative  motion  of  magnet 
and  metal  induces  currents  in  the  metal  tending  to 
oppose  the  motion  ;  and  thus  damps  the  oscillations  of 
the  needle  or  develops  a  mutual  action  between  the  two 
tending  to  move  the  needle  in  the  opposite  direction  U» 
that  wliich  would  produce  the  currents.  Thus  in  the 
figure  (Fig.  357),  suppose  the  needle 
ah  to  oscillate  over  the  metal  disk. 
As  it  moves  in  the  direction  of  the 
arrows  a  current  is  induced  on  the 
J/  side  tending  to  repel  the  needle, 
and  on  the  N  side  tending  Uj  attract 
it ;  both  of  which  currents  oppose  its 
motion  and  so  damp  its  oscillations. 
Again,  suppose  the  magnet  fixed,  and 
the  disk  to  rotate  from  N  toward  3/ 
be  induced  in  that  part  of  the  disk  which  is  approach- 
ing a  in  such  direction  as  to  repel  the  magnet ;  and  in 
that  part  which  is  receding  from  a  in  such  direction  as 
to  attract  it;  thus  opposing  the  motitm  iu  both  cases. 
Lastly,  let  the  needle  be  at  rest  and  the  disk  be  moving 
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from  N  to  J/,  as  before.  The  currents  induced  iu  the 
HpproaeLinj»  portittn  of  tbe  disk  repel  the  needle,  those 
ill  the  receding  portion  attract  it ;  hence  the  needle  will 
tend  to  rotate  with  the  disk.  The  damping  effect  of 
metallic  uiaHses  hy  the  induction  currents  developed  iu 
them  is  nia^^le  frequent  use  of  in  practice  tf>  diminish 
the  time  required  by  an  osciltatiug  magnet  to  come  to 
rest.  The  damping  may  be  efl'ected  by  the  inductive 
action  of  a  ni^tal  ]ilate  as  in  the  Melloni  galvanometer, 
or  of  a  metal  block  as  in  the  \>'iedemaun  instrument; 
or  by  the  currents  inducml  by  the  needle  iii  the  coils  of 
the  galvanometer  itself.  Or  it  may  be  effected  mechani- 
cally by  means  of  a  vane,  whose  motion  is  opposed  by 
the  resistance  of  tlip  air.  A  galvanometer  whose  indi- 
cations are  given  witliout  oscillation  is  called  dead  beat 
or  aperiodic  (676). 

709.  Induction  Screens. — In  1840,  Henry  showed 
that  a  plate  of  metal,  when  placed  between  two  coils, 
acts  like  a  screen,  modifying  more  or  lesjs  completely  the 
inductive  action  of  the  one  upon  the  other.  Its  effect  is 
that  of  an  equalizer,  favoring  the  production  of  the  cur- 
rent induced  on  closing  the  generator  circuit  and  oppos- 
ing that  induced  on  opening  it ;  so  that  the  extra-current 
produced  on  breaking  the  inducing  circuit  is  much  re- 
duced. Inasmuch  as  the  effect  is  greater  as  the  metal 
is  a  better  conductor,  it  is  evident  that  the  effect  ir»  due 
to  the  production  of  induced  currents  in  the  metal  plale 
itself.  This  device  in  the  form  of  a  tube  ]daced  between 
the  helices  is  used  in  some  forms  of  induction  apparatus 
to  vjiry  the  induction  by  sliding  it  iu  and  out. 

7 10»  Iu<lu4'cil  Currents  of  I>lflrer**nt  Order*. — In 
1838,  Henry  disc(>veied  the  successive  iauluction  of  cur- 
rents. By  placing  a  flat  coil  of  copper  ribbon,  serving 
as  a  secondary,  up(Ui  a  similar  coil  transmitting  an  in- 
terrupted current  and  acting  as  a  primnry,  he  t>btained 
the  ordinary  secondary  induction  current  But  now  if 
this  current  be  sent  through  a  third  such  coil  upon 
which  a  fourth  coil  rests,  a  tertiary  current  is  induced 
in   tblR  lallev   co\\\  wc^d  «o   on,  the  strength    of  these 
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induced  curreuts  ^adually  deereasiug.  These  currents 
be  distinguished  as  induced  curreuta  of  the  first,  second, 
third,  etc.,  orders ;  and  he  Hurceedpd  in  prnducing 
these  currents  up  t^i  the  ninth  or4ler.  He  observed  that 
the  ftuecessive  I'urrents  alt^^rnate  in  direction,  and  he 
pointed  out  and  utilized  tlie  distiui'tiitri  between  long 
and  short  coil  effects;  or  as  he  tailed  them,  between 
intensity  and  rpiantity  induced  currentK.  If  the  coil 
placed  on  tlie  primary  be  niad*^  of  fine  wire  and  of 
many  turns,  the  potential-dillereuce  at  its  ends  is  high  ; 
tlie  current  is  an  intensity  current.  WhUe  if  the  sec- 
ondary coil  be  of  coai'se  wire  or  ribbon  of  only  a  few 
turns,  the  induced  current  hivs  a  feeble  ])otential-ditfer- 
eQce.  Moreover,  in  the  first  case,  the  resistance  of  the 
secondary  being  high,  the  induced  current  tlirough  it 
will  be  feeble  ;  while  in  the  second  case,  the  resistance 
being  low,  a  stronger  induced  ciurent  will  flow.  Henry 
pointed  out  clearly  the  fact  that  either  an  intensity  cur- 
rent or  a  quantity  one  can  be  induced  fr*)ni  a  quajitity 
current  at  will,  according  t*»  tlie  character  of  the  second- 
ary coil ;  and  an  intensity  primary  can  also  induce  a 
quantity  or  an  intensity  secondary'. 

711.  IndiicUou  Balance— In  1879,  Hughes  described 
a  form  of  apparatus  which  he  called  an  induction  balance, 
designed  for  comparing  diiferentially  or  by  a  zero 
method  the  effects  of  induction.  The  jirinciple  of  its 
action,  which  had  been  already  embodied  in  Dove's  in- 
strument, is  simple:  SiippDse  twt»  equal  primary  cuilsto 
be  connected  with  two  equal  secondaries,  the  two  sec- 
ondaries having  a  galvanometer  in  circuit,  and  so  con- 
nected with  it  that  their  currents  siiall  tiow  in  opposite) 
direclicms  through  it  and  thus  antagonize  eacli  otlier. 
Evidently  if  au  interrupted  current  is  transmitted 
through  the  primaries  conuected  in  series,  the  induced 
secondary  currents  will  have  no  effect  on  tiie  ueedle. 
But  if  a  bit  of  iron  be  placed  in  the  core  of  tme  of  the 
primaries,  the  stronger  induction  on  this  side  will  deflect 
the  needle.  In  Hughes's  induction  balance,  anauviliary 
apparntns  \n  iiifrodiirfil,  culled  ji  «funniu»tf*r  (ir  audiome- 
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ter,  which  consmtH  simply  of  three  coils  all  ulike,  one  of 
them  sliding  ou  a  borizoutal  grudiiated  bar,  auil  acting 
na  a  serondary.  The  oth»^r  two  coils  act  an  primaries, 
being  placed  at  opposite  euda  of  the  bar  aiid  reversed  in 
poaition.  By  a  switch  these  primary  coils  are  placed  in 
circuit  wiHi  the  intorruptor  and  with  the  battery,  whild 
the  aecondary  is  put  in  circuit  with  a  telephone,  and  is 
moved  alou^'  th*^  bar  until  no  sonnd  is  heard  ;  this  point 
Vwing  in  theory  at  the  middle  of  the  bar  if  the  primary 
coils  are  equal.  Ln  fact,  however,  the  couHtniction  is  such 
that  the  zero-point  is  near  one  end  of  the  bar.  After  the 
^equilibrium  has  been  disturbed  in  the  induction  balanca 
proper,' the  auxiliary  circuit  is  switched  in  and  the  seo 
ondary  coil  adjusted  until  the  sound  in  the  telephone  ia 
the  same  \shithever  of  the  circuits  is  in  communicutioii 
with  the  telephone.  When  this  result  is  attained,  tbd 
position  of  the  secondary  coil  will  measure  roughly  thejj 
effect.  Since  the  ear  cannot  appreciate  very  sharply  thcT* 
equality  in  these  sounds  thus  alternately  heard,  especi-* 
ally  when  they  are  very  feeble,  Huj^hes  subsequently 
replaced  the  sonometer  by  an  equilibrating^  device,  con- 
sisting of  a  wedge-sliaped  strip  <»f  zinc,  placed  between 
the  primary  and  siunrndary  coils  and  on  the  opposite 
side  to  those  containing  the  disturbing  motal.  By  grad- 
ually moving  the  strip,  the  balance  is  restored  and  the 
sound  ceases  in  the  telephone.  This  instrument  is  of 
extraordinary  sensitiveness.  A  fine  iron  wire  or  even  a 
milligram  of  roppur  causes  a  loud  sound,  and  two  coins 
fresh  from  the  mint  show  a  distinct  difference.  Rubbing 
or  breatliiug  on  them,  after  they  have  been  balanced, 
disturbs  a^^aiu  tlie  equilibrium.  Of  course  counterfeit 
coins  are  readily  detected  by  this  balance.  As  modified 
by  Graham  Bell,  the  iuduction  balance  haa  been  applied 
to  tlie  location  of  bullets  in  tlie  human  body. 

7 1 2.  The  TeU'phone. — The  electric  telephone  ia  an 
instrument  for  reproducing  sounds  at  a  distance  by  elec- 
trical means.  The  apparatus  required  is(l)  a  device  for 
converting  the  sound-energy  into  its  ecjuivalent  electrical 
current-eueig^,  ivtt*\^*l\  ^uother  device  for  reconverting 
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thiH  current- energy  iutt*  souud-ruergy.  The  former  Ih 
called  tlio  transmitter,  the  ktter  the  receiver.  Page  iu 
1837  hud  observed  that  sounds  were  produced  ou  mag- 
netizing and  demagnetizing  iron  by  a  current,  Henry 
having  already  shown  that  a  bar  whs  elongated  when 
magnetized;  and  IVertheim  proved  that  the  alternate 
elongations  and  coutnietions  produced  ou  niaguetizing 
and  dentaguetizing  an  iron  voi\  threw  the  rod  into 
longitudinal  vibration,  producing  the  correHponding 
musical  note.  Iu  1861  lieLs  made  use  of  a  short  iron 
i*od  8urrounded  by  a  ynx^  coil  of  nearly  the  same  length, 
mounted  on  a  resonance-box  as  a  receiver.  As  §  trans- 
mitter he  used  a  diaphragm  of  animal  membraut* 
stretclied  over  the  top  of  a  cubical  wooden  chamber, 
having  at  its  center  a  platinum  disk  in  communication 
with  one  of  its  terminals.  Upon  this  a  platinuui  point, 
attached  to  a  strip  of  nietal  bent  at  right  angles,  rested 
at  the  angular  point;  the  strip  being  loosely  connected 
through  a  mercury  coutju't  with  tlie  other  terminal.  If 
a  musical  note  be  sent  into  the  box  through  an  opening 
in  its  side,  the  vibration  of  the  diu})]iragm  will  interrupt 
the  contact,  and  will  break  the  current  into  intermittances 
corresponding  to  the  vibration-frequency  of  the  nolo. 
On  reaching  tlie  receiver,  tins  note  will  be  reproduced, 
and  in  this  way  a  melody  may  be  transmitted  to  a 
distance. 

In  1873-74  Gray  improve<l  greatly  th)^  tmnsmission 
of  musical  sounds,  iu  couuection  with  Ijis  liarmonic  tele- 
graph ;  using  a  series  of  electromagnetically-vibrated 
steel  reeds  as  transmitters,  and  as  a  receiver  au  electro- 
magnet with  an  armature  tirmly  fixed  to  one  of  its  poles 
and  extending  over  the  other,  but  separated  from  it  by 
from  half  to  a  third  of  a  millimeter ;  the  whole  being 
mounted  on  a  resonance-box.  Electromagnetically- 
vibrated  reeds  were  thus  used  b«Jth  an  traDamitterH  and 
receivers.  With  this  ajtparatus  he  discovered  that  com- 
posite tones  could  be  trausmitted  on  closed  circuits ;  in 
other  words,  that  the  complex  wave-form  of  harmony  could 
be   electrically  reproduced.      From   this    ex\M?rittv^v\i«A. 
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result  it  wa»  but  a  step  to  conceive  of  the  electrical 
reproduction  of  ciualit^'  in  Houud  iu  general;  and  this 
even  to  the  electrical  repro<luction  of  speech.  Hence  in 
February,  1870,  he  tiled  bin  celebrnted  caveat  for  an 
apparatus  capable  of  ti'ausmittiug  and  receiving  speech. 
The  tranHiuitter  of  thin  apparatus  consists  of  a  uiembraue 
or  diaphrai^m,  to  the  renter  of  which  a  platinum  wire  is 
attached  which  enters  a  vessel  of  water,  and  the  lower 
end  of  which  approacbes  closely  a  second  similar  wire 
which  comes  up  through  the  bottom.  The  receiver  is 
made  of  an  electromagnet,  having  itn  armature  attached 
to  a  membrane  forming  the  base  of  a  cone-shaped  cbam- 
])er.  The  current  sent  tllrongh  the  lower  wire  of  the 
transmitter  ])asses  through  the  small  interval  of  water 
to  the  upper  wire,  and  thence  to  the  line  and  so  to  the 
receiver;  going  to  ground  after  traversing  the  electro- 
magnet. This  current  puts  the  membrane  of  the  receiver 
under  stress ;  so  that  on  causing  the  membrane  of  the 
transmitter  to  nbrate,  the  water-space  varies  with  the 
vibration,  and  so  introduces  a  varying  resistance  into 
the  circuit,  causing  an  exactly  corresponding  variation  of 
the  current,  and  therefore  of  the  receiving  diaphragm. 
Words  spoken  into  the  transmitter  cause  diaphragm- 
vibrations  in  this  transmitter,  which  translates  these 
vibrations  faithfully  into  electrical  composite  waves  ;  and 
these  in  their  turn  are  retranslated  into  sound-waves  by 
the  receiver ;  solving  the  electrical  transmission  of  speech 
in  \4rtue  of  the  production  of  the  proper  electrical  wave- 
form by  varpng  the  resistance  of  the  circuit.  During 
these  investigations  Gra}' discovered  the  grejit  advantage 
of  using  an  induction  coil  in  connection  with  his  tele- 
phone ;  ])lacingthe  transmitter  and  battery  in  the  primary 
circuit  and  connecting  the  seccmdary  circuit  to  the  line, 
at  the  end  of  which  was  the  receiver  provided  with  a 
high  resistance  electromagnet.  The  telephonic  circuit 
was  completed  through  the  earth  as  usual. 

At  about  the  same  time,  Graham  Bell  was  occupied 
with  the  (\\ifeftUou  of  harmonic  electrical  transmission. 
He  devotc(\  \uh  uVU^uMwiVi  ts.^ii'Aiw^XN  V>  Uve  ^)rf»ductiou  of 
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undulatory  curreuts  bj  variations  of  the  electromotive 
force  in  the  circuit ;  ami  this  nioHt  readilv  by  iiuliiction. 
He  observed  that  if  two  electromagnets  provided  with 
vibrating  iron  armatures  be  placed  in  the  same  circuit 
with  each  other  and  witii  a  batter^',  these  armatures  are 
magnetized  by  tlie  current;  so  that  if  one  of  them  in 
mechanically  vibrated,  it  induces  an  undulatory  current 
in  the  circuit  which  causes  the  second  armature  to 
vibrate.  Heuce  it  appeared  that  tlie  electromagnetic 
device  which  had  been  used  by  Gray  as  a  receiver  was 
capable  of  use  as  a  transmitter.  On  the  same  day  that 
Gra^'  filed  his  caveat,  Grnhnni  Bell  made  application  for 
a  patent,  which  was  issued  in.  March,  1^76,  and  in  which 
is  the  remarkable  claim  so  long  hotly  contested  iu 
the  ccmrts,  and  finally  sustained  by  the  Supreme  Court 
of  the  United  States :  *'  The  method  of,  and  apparatus 
for,  transmitting  vocal  or  other  soands  telegraphically 
Hs  herein  described  by  causing  electrical  undulations 
similar  in  form  to  the  vibrations  of 
the  air  accompanying  the  said  vocal 
or  <jther  sounds."  In  its  earliest 
form  the  Bell  telephone  was  a  practi- 
cal facsimile  of  the  Gray  receiver; 
and  in  this  form  Bell  exhibited  it 
at  the  Centennial  Exhibition.  As 
first  put  into  use  commercially  it  con- 
sisted of  a  steel  U-niagnet  attached 
to  the  poles  i»f  whi(!h  were  iron  cores 
carrying  spools  of  tine  wire.  Sub- 
sequently the  magnet  was  made  a 
straight  bar  and  the  Bell  telephone 
took  its  present  form,  shown  in  Figure 
358.  On  the  pule  of  a  compound  bar 
magnet  is  a  coil  of  wire.  In  front 
of  this  is  a  thin  bon  plate  or  ilisk 
acting  Jis  a  diaphragm.  When  this  is 
caused  to  vibrate  by  the  impact  of  sound-waves,  it 
induces  currents  in  the  coiL  Thene,  trauHinitted  to  the 
remote   end,  enter   the   receiver,   which   is  a  precisely 
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similar  iustrumeui,  aud  reproduce  vibratious  of  its 
diaphragm  alike  iu  character,  though  of  oour&e  dimin- 
ished in  amplitnde,  to  those  of  thi^  transmitter;  thus 
reproducing  the  air-waves  aud  so  the  Bound.  These  in- 
duced curreuts  are  extremely'  feeble,  not  exceeding 
those  prndncod  by  one  Daniel!  cell  in  a  copper  wire 
4  mm,  in  diameter  and  long  enough  to  go  290  times 
round  the  earth.  To  produce  cue  cubic  centimeter  of 
mixed  ganes  thin  current  would  have  to  pass  through  a 
voltameter  for  10  years.  Pellat  states  that  the  energy 
of  one  wator-gram-degree  would  maintain  a  coutiunoug 
sound  iu  the  telephone  for  10,000  years. 

Evid<nitly  rsiuco  the  energy  of  the  current  in  this 
circuit  is  due  to  the  energy  of  the  sound-waves,  it  must 
bo  inferior  to  tliat  iu  a  circuit  through  which  a  battery 
current  is  flowing  and  which  is  only  modified  by  the 
Hoiuul  waves.  Hence  a  speedy  return  to  the  principle 
first  recognized  by  Gray,  i.e.,  of  using  a  variable  resist- 
ance telephone  as  transmitter  and  the  Bell  telephone 
only  as  receiver.  In  1873,  Edi.son  had  observed  the 
peculiar  pro]»ertY  possessed  by  semi-conductors  of 
vHr^-ing  their  resistance  with  pressure;  and  early  in 
1877  he  applied  this  pro|»erty  fro  the  (Mtnsh-nctinn  of  a 
variable  resistance  transmitter.  The  niutenat  which  he 
found  best  for  this  pnrjiose  was  a  lampblack  taken  from 
the  chimney  of  a  sra(»king  petroleum  Inmj)  and  com- 
pressed into  a  disk.  This  disk  placed  l)etwpen  two 
platinum  surfaces,  upon  one  of  which  the  diaphnigui 
rests  while  the  other  is  adjustable,  constitutes  the 
carbon  transmitter  of  Etlistm.  The  variations  of  press- 
ure caused  by  the  vibrating  diaphragm,  as  Mendenhall 
has  shown,  vary  the  resistance  of  the  carbon  disk  aud 
so  vary  the  current  sent  through  it.  Placing  this  trans- 
mitter in  the  primary  circuit  of  a  small  induction  ooil, 
the  secondary  being  in  the  line,  the  louilness  aud  dis- 
tinctness of  the  articulatiou  leave  nothing  to  be  desired. 
This  variation  iu  the  resisbmce  of  the  soft  carbon  disk 
by  pressure,  Edison  has  also  utilized  in  the  construction 
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of  his  tasimeter.  au  iustrumeut  for  detectmg  minute 
heat-cbauges. 

In  1878,  Hughes  described  certniu  pheuomena  due  to 
loose  or  imperfect  contact  of  conductors.  If  a  piece  of 
rarbou  be  laid  loosely  across  two  others  and  a  current 
be  sent  through  the  points  of  contact,  a  teleplione  being 
in  tliH  circuiti  a  loud  noise  is  heard  in  the  telephone 
whenever  the  carlxm  is  Jarred,  even  by  sounds.  Evi- 
dently tlie  vibration  of  the  carbon  varies  the  extent  of 
the  surfaces  of  contjict  and  so  varies  the  resistance  of 
the  circuit  The  microphone  of  Hughes  consists  of  a 
thin  board  phiced  vertically,  to  which  are  fastened  two 
pieces  of  electric-light-«irbon,  one  above  the  other, 
having  depressions  near  their  outer  ends,  into  which 
the  pointed  ends  <»f  a  third  carlion  rest  loosely. 
When  a  current  passes  through  these  loose  contacts  its 
strength  varies  as  the  surface  of  uoutact  vaiies.  80  that 
if  a  receiving  telephone  be  placed  in  the  circuit  and  a 
watch  be  placed  on  the  stand  supporting  the  micro- 
phone, the  ticking  of  the  watch  may  be  heard  at  many 
miles*  distance.  Since  a  part  at  least  of  the  effect 
observed  in  the  Edison  carbon  transmitter  is  due  to 
surface  contact,  it  is  clear  that  the  microphone  embtxlies 
the  principles  first  applied  by  Ellison.  The  trans- 
mitting telephtme  now  in  general  use  is  a  modified 
microphone  coutiived  by  Blake.  A  platinum  point 
abuts  against  a  carbon  disk,  both  being  carried  by 
springs  thnnigh  whicli  the  current  flows  to  and  from 
the  contacts.  Against  the  diaphragm  this  combination 
rests ;  and  it  is  therefore  jarred  when  the  diaphragm 
vibrates ;  thus  varying  the  resistance  and  the  tnirreut- 
strengtb  on  the  lino  in  the  same  ratio.  The  long-distance 
transmitter  of  Edison  is  anuh»gous  except  that  the  con- 
t»vct  is  multiple,  being  effected  by  coarsely  ])u]verized 
and  highly  baked  anthracite  placed  between  the  dia> 
phragms. 

The  electrostatic  telephone  of  Dolbear  depends  upon 
the  alternate  attraction  and  repulsion  of  two  cluirged 
diaphragms  acting  as  the  armatures  of  an  air  condenser. 
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(c)  Mutual  ludtwiicm  Apparatm, 

7 1  :i.  Indiiotf on  CoUh. — An  iuductinn  coil  in  the  broad 
gense  oonsisU  of  a  primarj  auii  secondary  belix  in  con- 
uectiun,  having  a  commou  core  of  irou  (Fig.  359).     Ordi- 
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narily  thn  primary  helix  \h  placed  within  the  secondair 
and  coiiMHtK  of  a  coarser  and  Bhorter  wire;  so  that  the 
mutual  indiioiion  between  tlie  coila  results  in  the  prO' 
duciiou  of  H  Jiigher  priteutiaUdifferenoe  ut  the  terminals 
of  the  secondary.  The  constructiou  of  such  coils  for 
the  j)urp(mr  of  obtaining  a  higher  electrt.imotive  fierce, 
which  followed  very  closely  the  exi.H>nineuts  of  Faraday 
and  Henry,  seemH  to  have  been  effected  in  1837-8  nearly 
Mitnultnueously  by  Sturgeon,  by  Page,  and  by  Callan. 
In  Piige'n  coils  of  1842  sparks  of  ten  or  twelve  millime- 
ters were  obtained  from  the  secondary  helix.  And  in 
1851,  Viy  ]»aying  especial  attention  to  insulation,  Buhm- 
korfF  c<inKtructed  in<lncti<»n  coils  giving  sparks  equally 
long.  In  1853,  Fizeau  proposed  the  use  of  a  condenser 
in  the  primary  circuit ;  and  this  addition  increased  the 
length  of  the  spark  to  fifteen  or  twenty  uiillimeters.  lu 
1855,  Poggendorif  suggested  winding  the  secondary  coil 
in  transverse  sections ;  and  in  1857,  Ritchie,  by  inorea;^ 
iug  the  uumWx  ol  XW*«i  ■&es:\\«^\UH,  \)roduced  coils  giving 
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sparks  thirty  centimeters  long.  The  fiual  result  in  this 
directiou  has  been  attitiued  by  Apps,  who  iu  1877  made 
for  SpottiHwoode  an  induction  coil  giving  sparks  more 
than  a  meter  in  length.  The  primary  wire  of  this  coil  is 
2*4  mm.  iu  diameter  aud  603*5  meters  loug.  It  is  wouud 
in  six  layerrt,  aud  haw  a  resistance  of  2*3  ohms,  Tlie  sec- 
ondary wire  has  a  minimum  diameter  of  0*24  mm.  aud  a 
length  of  about  450  kilometers,  wound  in  four  sections^ 
and  ha\-ing  a  resistance  of  110  200  ohjus.  The  sections 
are  separated  by  plates  of  ebonite,  aud  the  wire  iu  the 
external  sections  is  somewhat  thicker  than  iu  the  central 
ones.  The  core  consists  of  a  bundle  of  iron  wires  110 
cm.  loug  and  8*9  cm.  iu  diameter,  the  mass  being  30 
kilograms.  A  supplementary  primary  aud  core  is  pro- 
vided, liaviug  its  wire  wouud  in  a  double  strand  and  its 
core  of  nearly  one  half  greater  mass.  The  mass  of  the 
entire  coil  is  about  7(X)  kilograms. 

Since  the  potential-difference  induced  at  the  termi- 
nals of  the  secondary  coil  is  a  din>ct  function  of  the 
coefficient  of  mutual  inductiou  between  this  coil  and 
the  primary  and  also  of  the  rate  of  variation  of  the  cur- 
rent iu  the  ))riumry,  aud  since  this  coofli(5ient  for  unit 
current  is  proportioual  to  the  product  of  the  number  of 
turus  iu  the  two  coils,  it  is  clear  that  this  potential- 
difference  will  be  increased  by  increasing  the  uundjer  of 
turus  iu  both  primary  aud  secondary  circuits,  by  increas. 
ing  the  current  iu  the  primary  and  decreasing  the  time 
of  its  fall  to  zero.  But  an  increase  of  length  in  the  pri- 
mary is  inconsistent  with  an  increase  of  curreut  therein. 
And  hence  some  constructors  increase  the  length,  others 
increase  the  size,  of  the  primary  wire  ;  the  former  in- 
creasing the  inductiou  by  the  number  of  turus,  the  latter 
by  the  increuse*!  curreut.  Hence  the  two  primaries  pro- 
vided with  the  A])ps  coil  above  mentioned ;  the  one  of 
lower  resistance,  having  a  much  increased  iron  core, 
giving  a  shorter  secondary  s])ark,  but  of  increased 
quantity. 

The  function  of  the  condenser  in  the  primary  circuit 
is  simply  to  provide  for  the  current  of  self-induction 
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developed  in  that  circuit.  The  current  induced  in  the 
HBCondary  ou  opening  the  primary  circuit  is  in  the  samo 
direction  as  that  dowing  in  the  primary ;  as  is  also  the 
self-induced  current  in  the  primary  itself.  "When  the 
pritiiar>'  is  broken  the  self-induced  current  continaeB  to 
How  ncrosB  the  interval  in  the  foi-m  of  a  spark,  thna  pro- 
longiug  the  time  of  fall  to  zero  of  the  primary-  current, 
lUniiuifihing  the  rate  of  variation  of  this  current;  and  so 
tbe  iM)teuti]d-difference  in  the  secondary.  By  putting  a 
condeu»er  as  a  shunt  to  the  primary  wire,  this  current 
of  Helf-inductiou  passes  into  and  charges  the  condenser; 
thus  destroying  the  spark  at  tbe  break-piece,  and  ren- 
dering the  fall  to  zero  of  the  current  in  the  primary  more 
abrupt ;  the  condenser  discharging  itself  immediatelr 
thereafter  through  the  primar}-,  producing  an  inverse 
current  by  which  the  demagnetization  of  the  core  u 
made  more  rapitl.  The  greater  effect  produced  by  using 
a  bundle  of  iron  wires  for  the  magnetic  core  instead  of 
an  iron  cylinder  is  dne  to  the  fact  that  by  thia  sab- 
di^*ision  not  only  is  a  stronger  magnetization  produced, 
but  the  induction  of  Foucault  currents  which  would  re- 
tard the  current-variation  in  the  primary  is  prevented. 
luasmuch  as  secondary  currents  are  induced  ouly 
during  thn  variable  state  of  the  current  in  the  primary, 
some  device  is  (attached  to  an  induction  coil  for  vary- 
ing the  current  between  zero  and  its  maximum^  i.e., 
ft»r  interrupting  the  current;  and  this  as  abruptly  aa 
possible.  The  earlier  forms  of  interrupter  were 
mechanical  and  consisted  in  drawing  the  conducting 
wire  along  a  rasp  in  circuity  or  in  rotatiug  a  trMithed 
wheel  so  as  to  break  contact  as  it  turned.  Subse- 
quently, automatic  interrupters  were  devised.  That  of 
Page  consists  of  an  olectromaguet  having  its  armature 
fixed  upon  the  end  of  a  spring  on  the  back  of  which  is 
a  contact  When  the  current  passes  through  this  con. 
tact  and  through  the  electromagnet,  the  armature  tft 
drawn  toward  the  magnet  and  so  interrupts  the  onrroul 
by  D^R^uing  the  circuit  at  the  jxiint  of  contact.  The 
elastiritN'  ol  ttie  w;»yvuvl,  t^%\^t%%  this  contiict   and   i\m 
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armature  coutinues  to  vibrate.  In  some  of  Page's  coils 
the  core  of  the  coil  itHclf  acted  as  the  electroinnguet 
Foucault's  iuttjrrupter  (Fig.  359)  consists  of  an  arm  sup- 
ported  oil  a  vertical  Hpriug,  carrying  an  armature  at  one 
end  and  a  vertical  platinum  contact-point  at  the  other. 
The  armature  is  supported  above  one  end  of  the  iron 
core  and  the  point  dips  in  mercury  in  a  ghiss  cup.  Ihe 
current  llows  through  the  primary  coil,  the  arm,  and  the 
mercury;  the  armature  is  attracted  to  the  magnetized 
core  and  its  point  is  thei*eby  raised  out  of  the  mercury^ 
interrupting  the  circuit  As  the  contact  is  re-estab- 
lished when  the  arm  vibrates  back  again,  the  attraction 
is  repeated ;  thus  making  the  osciliatiuu  continuous. 
In  some  cases  the  arm  carries  a  second  coutact-(H)iut, 
dipping  into  mercury  contained  in  a  second  glass  cup  ; 
and  through  the  circuit  thus  formed  and  the  primary 
wire  of  the  coil,  the  primary  current  flows;  being  in- 
terrupted continualiy  by  the  vibrations  of  the  arm.  By 
phu'iug  alcohol  above  tlie  mercury  the  break  is  shai'per 
and  the  secondary  spark  is  longer. 

In  1879,  Spottiswoode  substituted  the  alternating 
current  of  a  De  Meritens  dynamo  for  the  int*>rmitted 
direct  current  previously  used  ;  the  reversals  of  the  cur- 
rent being  at  the  rate  of  2(M)00  per  minute.  Since  the 
rate  of  variation  of  the  alternating  current  is  less  than 
that  produced  with  sudden  iiiteiTuptions  of  a  direct  cur- 
rent, the  electromotive  force  developed  is  less  anrl  tlie 
spark  shorter;  al7-ceutimeter  spark  only  being  obtidned 
from  a  60-centimeter  coil.  But  owing  to  the  strength 
of  the  primary  current,  the  volume  of  the  secondary  is 
ranch  increased  ;  the  spark  being  of  the  thickness  of  a 
lead-pencil. 

714.  Phenomena  of  the  Induction  8park. — The 
phenomena  of  diarnptive  discharge  can  be  studif^d  much 
more  satififactorily  with  the  spark  of  the  induction  coil 
than  with  that  of  the  electrostiitic  machine.  When  tlie 
pointed  terminals  of  the  secondary  of  a  large  coil  are 
separated  by  two  or  three  centimeters,  the  spark  is 
observed  to  consist  of  two  distinct  portions  ;  one  a  fine 
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Hue  of  light 
the  spark 


more 
proper 


or  lesfi  parple  in  culor,  constitiiting 
;    and   the  other  a  sort  of  ilaioe  or 


aureole  of  a  jelluwish  uoh>r,  bunouudiug  the  first.  By 
blowing  upon  the  Bpark  through  n  glosu  tube  this  por- 
tiou  of  the  **park,  the  Hume  portion,  h  readily  blown  to 
one  side ;  Jiud  by  having  a  pair  of  jxiints  uu  this  side, 
the  blast  may  be  so  regulated  that  the  flame  is  directed 
U*  one  of  theiu  and  the  npark  proper  to  the  other. 
It  is  this  portion  of  the  spark  which  is  afl'ected  iu  the 
itiaguetic  Held.  As  the  dintuuce  between  the  poiuts  iB 
increased  the  aui'eole  disappears  and  the  spark  proper 
becomes  more  or  less  irregular  iu  direction  ;  due  ctf 
course  to  its  following  the  line  of  least  resistance.  By 
placing  a  glass  condenser,  or  better  a  number  of  such 
condensers  arranged  iu  series,  as  a  shunt  in  the  circuit, 
the  spark  becomes  shorter  but  also  thicker  and  brighter; 
the  quantity  of  the  discharge  being  increased.  If  a  jar- 
condenser  be  placed  in  series  in  the  secondary  circuit, 
its  outer  coating  connected  with  one  terminal  of  the 
secondary  coil  and  its  inner  coating  with  one  of  the  dis- 
charging points,  the  other  discharging  point  being  eon- 
uected  as  usual  to  the  other  terminal  of  the  socomlary 
and  the  points  not  too  widely  separated,  the  jar  may  be 
charged  by  <he  coil  precisely  as  with  an  electrostatic 
machine.  This  result  proves  that  since  the  induction 
currents  on  opening  and  closing  are  opposite  in  direction, 
they  must  be  unequal.  This  is  always  the  case  when 
the  secondary  circuit  is  opeu,  the  direct  current  pro- 
duced on  ojiening  being  always  stronger  than  the  inverse 
current  developed  on  closing  the  primary  circuit. 
Indeed  with  a  sufficient  break  at  the  points,  the  latter  cur- 
rent has  not  sufficient  electromotive  force  to  pass  at  all 
The  length  of  the  spark  depends  upon  the  electro- 
motive force  of  the  induced  secondary  current.  Accord- 
ing to  Lord  Kelviu*s  measurements,  the  potential-difTer- 
euce  required  to  pro<luce  a  spark  in  air,  between 
parallel  plates,  and  of  a  given  length,  diminishes  rapidly 
as  the  distance  increases,  approaching  a  limiting  value 
of  30000  voWa  \>eT:  e^wtXYtveter ;  which  may  l>e  assnmetl 
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constant  for  ilistances  greater  than  one  eeutiiueter. 
This  potentiul-tliffcreucc  yirodnces  a  spark  of  greater 
length  in  raretied  uir,  and  of  Ibhm  length  in  condonsed 
nir.  Gordon  hiiK  uouliruiwd  Harris*H  law,  that  for  ran*- 
factious  up  to  28  centimeters  the  length  of  the  spark  is 
inversely  as  the  barometric  pressure.  At  less  pressures 
than  28  cm.  the  potential-diflerence  intTeases  more 
lapidly  than  the  law  requires. 

ExpRaiUENTs.— 1.  ToHhuw  the  brief  duratiou  of  the  spark,  plucc 
A  condoDsor  in  the  sccoiiditry  circuit,  and  illtiminuti^  with  (lit-  ^pnrkft 
A  mpidly  revolving  disk  divided  into  ult^nmtc  black  and  wtiitv 
j^ectorg.  If  there  are  n  soetors  and  the  interval  between  tlie  si)arkit 
iH  1/rt  or  a  mnltipic  of  l/«th  of  that  of  iho  time  of  rotation,  the 
<tiak  will  a))pcnr  to  tx-  at  re«l,  itK  ittrctors  l>eing  shiii'ply  tletine*]. 

2.  Providian  disk  bavinj<  lliree  nnvs  of  dots  upon  iU  face;  the 
inner  row  havin^r  8,  the  middle  a.  and  the  outer  10.  Adjust  the 
interrupter  so  a.s  to  pr<Kluoe  a^  aiuny  spark.s  durinji;  onr  rotation  nf 
thi*  disk  as  tliL're  are  dots  in  one  of  the  rows.  This  n>w  will  then 
Appear  at  rest,  while  Die  oHiers  will  appear  to  rotiil^i.  Thus  if 
there  be  9  breaks  during  one  rotation,  the  middle  row  will  appear 
»t  rest,  the  others  in  motion  :  the  inner  row  apiwaring  to  move  for- 
ward and  the  onter  row  Wickward. 

3.  Provide  a  thin  plate  of  vulcanite  about  a  meter  long  aiul 
thirty  ccntinietrrH  wide,  varnish  one  of  its  iurfaeea  and  scatter  over 
it  tilinitcs  of  iron,  copper,  and  zinc.  Place  two  narrow  thin  sLriiHi 
of  metal  across  the  endw  nud  connect  thene  lo  the  ti-nninalft  of  the 
luduetion  coil.  The  sparks  of  a  30-cui.  coil  will  traverse  the  entire 
length  of  the  plate,  often  dividing  into  two  or  three  branches.  <ht< 
oolor  depending  on  the  metals  btMween  which  it  pa^soH. 

4.  Connect  one  terminal  of  the  coil  to  the  nietjillio  coating  on 
the  l>ack  of  a  mirror  and  place  the  other  tfnniind  nt^r  the  center  of 
the  o|)iH)-(ity  face.  'Hit'  ^pJlrks  wiU  bmncli  tn»m  lhi»  i>oiut  in  all 
ilirection.s,  tht>  rainincatiotiH  being  duplicated  by  reflection. 

5.  Exhaust  a  KhtKH  tuU*  u  meter  or  more  in  length  while  the 
motallic  termihMl%  with  whirh  it  is  providt.Kl  aro  connected  with  the 
<!Oil  ill  action.  <)l>Hi>rvt>  that  at  a  certain  exhautition,  the  BpHrk 
traverHeu  the  entire  length  of  the  tutK\  in  nearly  a  straight  line ;  tltr 
thickness  of  the  spark  incre/ising  as  the  rxhaustiou  proceeds  until  it 
fills  the  tube.     In  air,  its  color  is  reddish  purple. 

6.  Exhaust  an  ovoid  or  ej^g-sliajaHl  glarfs  vessel  provided  witli 
^Ufirmlcs,  having  previoui*ly  plureil  wiihiti  it  a  drop  or  twct  of 
alcohol.  Whon  the  exhaustion  is  complete,  it  will  lie  tiotioed  thnt 
on  |>as3ing  the  itpjtrk,  the  disohargo  within  the  vessel  ih  hrokt^i  up 
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into  bandft  or  strata  iTassverse  to  the  direction  of  iU  length;  Lfi., 
ihe  diM'biirge  shows  stnitifioation. 

7.  TraMhinit  the  Bpark  through  mreflwl  air  contAined  tn  tube* 
providcHl  wiih  iiiiuulHr  ^pnci'i^  in  which  fluorescent  solutions  can  be 
plubcHl.  Tho  discharge  being  rich  iu  ultra-violet  waves,  caoaes  solu- 
tions of  quinine  or  of  lesculin  t-o  tluore^^cc  blue ;  of  urauine,  gnxa ; 
and  of  nH[)bthalene-red,  iTimi»on.  These  tubes  already  exbaasted. 
made  of  fluoresiront  gluss  and  oontAining  tbesii  various  soliitionit, 
iire  called  Oeissler  tubes,  having  been  made  tlrst  by  Geisslur  nf 
Bonn.    Some  of  tliem  are  very  elaborate  in  design. 

8.  Vacuum  tubes,  consijsting  of  cylindrical  or  sphencal  bulbs  al 
the  ends  connected  by  a  ca|»illary  suction,  and  containing  rarious 
gases  or  vn|>ors.  are  called  Pltlcker  tubes  (-410).  I^lacL*  one  of  tlieao 
tubes  in  thocircnit  of  the'.s<_'corid!iry  and  notice  the  jarreAtrT  intensity 
of  the  light  iu  the  capillary  |)ortion.  Notice  also  the  variation  of 
the  color  according  to  tho  substance  in  the  tube.  By  placing  the 
tulK?  before  tho  slit  of  a  spectro«cope,  the  spectrum  of  ibe  gas  or 
vapor  may  be  examined. 

9.  Examine  the  spectrum  of  the  spark  in  air  taken  between 
terminals  of  different  metals,  both  with  and  without  a  condenser  iu 
the  secondary  circuit.  Notice  the  lines  of  the  oxygi'u  and  nitrogen 
of  the  air.  mixed  with  th'wo  of  the  metal  nse<i.  By  umlriutf  the 
terminals  of  different  metals  and  by  so  mljusting  the  simrk  that  Ihe 
metallic  lines  will  not  go  entirely  across  the  field,  these  metals  tnay 
in  this  way  be  idenlifieiL 

10.  Cetnent  a  jiiece  of  plale-glasa  a  centimeter  or  more  thick 
ufKm  the  end  of  a  thick  glass  or  vulcunito  tul>c.  Piiss  a  wire  con- 
riect'e<l  with  one  terminal  down  the  tube  to  touch  the  plate  on  one 
side  while  a  win*  connceti'd  with  the  other  terminal  touches  the 
other  fiifle  opposite  it.  When  the  spark  is  sent  through  the  up|»- 
ratus.  the  glass  is  perforated,  if  the  coil  be  sufficiently  powerful. 
To  prevent  injury  to  the  coil,  its  points  shouhl  be  set  at  a  sale 
sparking  distance. 


I 

I 
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7  IS,  Crookew  Tii1>efl.i — The  phenomeua  of  the  elec- 
tric dischaif^e  in  higb  vacua  have  been  studied  bj 
Crookes  (199),  As  tlio  exhaustion  increases,  the  poten- 
tial-difference required  to  effect  the  discbarge  decreases, 
but  niily  u]>  to  a  certain  point,  aud  then  increases  again. 
The  best  effects  in  ordinary  "  vacuum  tubes "  are  ob- 
tained when  the  residual  pressure  is  from  two  tn  four 
millimnters  of  mercury.  When  the  exhaustion  reaches 
one  millionth  of  an  atmosphere,  no  electric  discharge  in 
the  propet  aeiifte  tftk^^?.  \)lace  within  the  tube,  the  nega- 


SKEROT  OF  .STHER'FLOW.-SLBCTROKINBTICB,  839 


I 


tive  teriuinal  alone  now  becoming  important,  If  this 
terminal  be  a  disk  of  aluminum  of  some  size,  phiced  in 
tbe  middle  of  the  tube  and  perpendicular  to  its  axis,  the 
purple  glow  ordinarily  Hiurouiidiwg  this  terminal  will  be 
seen  to  recede  from  the  disk  as  the  esLfiustion  proceeds, 
until  it  reaches  the  walls  of  the  tube,  leaving  a  dark 
apace  surrounding  the  electrode.  This  purple  glow  rep- 
resents the  portion  of  space  where  the  molecules  driven 
from  the  negative  plate  collide  with  other  molecules. 
As  exhaustion  proceeds,  the  mean  length  of  the  free 
path  increases  and  the  line  of  collision  is  driven  farther 
and  farther  away  from  the  termiual ;  thus  increasing  the 
dark  space  until  finally  it  fills  the  entire  tube.  When 
the  exhaustion  reaches  a  millionth,  the  molecules 
impinge  upon  the  glass  of  the  tube  and  cause  it  to 
phosphoresce  wnth  a  yellow  or  greenish-yellow  color 
depending  upon  its  cliaracter.  Crookes  by  a  series  of 
most  ingenious  experiments  has  proved  that  these  mole- 
Gides,  thus  shot  out  from  the  negative  terminal,  move  iu 
straight  lines  and  exert  mechanical  force  and  produce 
heat  when  tl»ey  strike,  and  that  their  trajectory  is 
altered  by  a  magnet.  But  the  most  interesting  result  is 
their  phosphorescent  effect.  A  diamond  or  ruby  sub- 
je<^ted  to  this  discharge  glows  strongly,  the  former  giving 
a  bright  green,  the  latter  a  rich  red  light.  Phenakite 
nnder  the  same  circnmstances  phosphoresces  blue, 
spodumene  golden  yellow,  calcite  orange,  smithsonite 
a  brilliant  green,  and  emerald,  red.  By  studying  the 
spectra  of  this  phosphorescent  glow,  Crookes  has  cre- 
ated a  new  branch  of  sjiectrum  analysis  ;  and  he  has 
sncceeded,  by  fractional  precipitation,  iu  separating  the 
earth  yttria  into  five  or  more  constituents,  the  phospho- 
rescent spectra  of  which  taken  together  make  up  the 
jsiipectrura  of  the  yttria  itself. 

Since  the  phenomena  exhibited  by  these  high  vacua 
are  as  different  from  those  of  low  vacua,  or  even  from 
those  of  the  gaseous  state  in  general,  as  are  these  latter 
from  those  of  the  liquid  state,  Crookes  has  called  this 
nltra-gjiseous  condition  a  "fourth  state  "  of  matter,  the 
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matter  itnelf  being  radiant     He  Las  succeeded  in 

ing  the  exLauHtiou  up  to  a  tweuty-xntlliouth  of  ou  at- 

luosphere. 

71«.  Traiisroriuors, — The   iiarue  traniformer  or  oo 
vcrt«r  is  given  to  a  mutual  induction  apparatus   ua 
ulternntinc;  currenta,  whose  function  it  is  to  trunsfor 
currents  of  couKiderable  potential  and  low  quantity  in 
induced  currents  of  low  potential  and  larger  quautit 
Hence,  like  the  inductii>n  coil,  the  transformer  cousis 
of  a  primary  coil,  a  secouchiry  coil,  and   an   iron  cor 
But  the  primary  coil  Las  the  higher  resititauce,  and 
iron  core  forms  a  complete  magnetic  circuit.     One  for 
consists  of  a  ring  of  iron  wire,  upon  which  the  prima: 
and  secondary  coils  are  wound,  either  in  alternate  sec- 
tions   or  the   one  superposed  on  tlie  other.     In  otli 
cases  the  primary'  and  secondary  coils  are  inside  of  tb 
iron  wire,  which  is  wound  upon  tbe  ring  formed  by  the 
coils.     Faraday's  induction  ring  is  therefore  a  eomple 
transformer,  one  of  the  coils  having  several  feet  mon^  of 
wire  than  the  other.     The  object  in  construction  is  t<i 
have  the  inducing  coils  so  arranged  with  reference  to 
each  other  that  the  coeflicieut  of  mutual  induction  be- 
tween them    may  be  a   maximum;    the    iron    l>eing  m 
closely  associated  with  the  coils  as  possible.     Evidently 
ftiuoe  the  energy  in  the  primar)'  ciionit  is  EJ^  watts,  it 
fidlows    that    if   the  efficiency   of    the    transformer  i.^ 
unity,  the  energy  in  the  secondary  circuit,  E^l^  watts,  mu»t 
be  equal  to  it ;  whence  EJ,  =  EJ^,  or  E,  :  ^  ::  /, :  /,; 
i.e.,  the  electromotive  forces  in  the  two  circuits  are  id* 
versely  proportional  to  the  current-strengths.     The  ratio 
of  the  electromotive  forces  in  the  two  coils  is  called  the 
coefficient  of  transformation  ;  and  since  each  elect i 
force  is  proportional  tii  the  number  of  turns  in  it^  - 
ratio  of  the  turns  represents  the  same  coefficient    Thus, 
for  example,  suppose  it  is  desired  to  transform  a  cut". 
of  10  amperes  at  a  potential  of  1000  Yolts  into  a  cm  i   . 
of  200  amperes  at  a  potential  of  50  volts ;  the  coefficient 
of  transfoTmatinn  is  one-twentieth  ;  or  the  primarr  cir- 
cuit  luuftt  \\avfc  W^\i\;^  'cttsi^^  «&   many  turns   as  the 
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secondary.  In  practice  the  luasB  of  copper  iu  the  two 
Ih  luude  equal ;  so  that  the  priuiary  wire  is  tiuer  tliun 
the  secondary.  The  quantity  of  iron  is  determined  by 
the  condition  that  it  must  never  attain  more  than  half 
saturation  as  a  maximum. 

The  use  of  alternating-current  transformers  is  to 
secure  ecouoiny  iu  elnt'triciil  distribution  upon  the  theory 
that  smaller  conductors  are  required  to  send  a  given 
quantity  of  energy  to  a  given  distance,  in  propoi*tion  as  the 
potential-difference  is  greater.  From  the  equations  W 
=  EI  and  I=E/R  we  have  W^Eyii;  so  that  by 
doubling  the  potential-difference,  the  resistance  remain- 
ing the  same,  four  times  the  energy  can  be  transmitted 
to  the  same  distance  with  the  Hume  loss.  An  example 
will  make  this  clearer.  It  is  required  to  transmit 
50OD0  watts  to  a  distance  of  500  meters  with  a  loss  of 
ten  per  cent  on  the  mains.  By  direct  transmission  the 
potential-difference  being  100  volts  and  the  current 
500  amperes,  the  conductor,  1000  meters  long,  will  have 
a  resistance  of  0*2  ohm  ;  its  cross-section  therefore  will 
be  81*7  square  millimeters  and  its  mass  731  kilograms. 
By  the  alteruate-cnrrtint  transformer  system,  with  a 
potential-difference  of  1000  volts  and  a  current  of  50 
amperes,  transformed  where  utilized  into  a  current  of 
500  amperes  and  a  potential-difference  of  100  volts,  the 
wire  resistance  for  the  1000  meters  will  be  20  ohms,  its 
cross-section  will  be  0  817  square  millimeter,  au<l  its  mass 
7'31  kilograu»s.  Thus  the  transmission  under  tbe  higber 
potoutial-ditlereuce  requires  a  conductor  of  only  one 
one-hundredth  of  the  mass. 

Self-induction  also  plays  an  important  part  iu  the 
operation  of  transformers.  If  iu  a  coil  through  wliich 
an  alternate  current  is  flowing  an  iron  core  be  inserted, 
the  counter-electromotive  force  of  self-induction  may  be 
increased  so  as  to  reduce  almost  to  zero  the  generator 
current  Hopkinson  suggested  such  a  device  under  the 
name  of  *'  chijke-mugnet"  for  reducing  the  current  in  an 
alternating  circuit,  without  increasing  its  resistance. 
Evidently  when  the  secondary  circuit  of  a  transformer 
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is   open,   and  it  is   doing  no   work,   the  maximum   oi 
counter-electromotive  force  is  developed  in  the  primarr 
itself  owing  to  its  self-induction  ;  and   as  this  may  be, 
made  nearly  to  equal  tlio  direct  electromotive  force  ol 
the  generator,  the  current  in  the  primary  is  very  small 
But  an  more  and  more  work  is  thrown  into  the  second- 
ary circuit,  the  demagnetizing  effect  of  its  current  upou 
the    iron    core   diminishes    the    self-induction    of    thdfl 
primary  and  so  regulates  automatically  the  current  ad-™ 
mitted  to  the  transformer.     Finally,  when  the  converter 
is  doing  full  work  the  self-induction  1)ecomes  a  minimum 
and  the  mutual  induction  a  maximum. 


(d)  Magneto-dectric  Induction  Apparatus, 
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717.   Ma^ieto-electrlc   Gcnorntors. —  A    magneto- 
electric  generator  is  a  machine  for  converting  mechani-S 
cal  energy  into  the  energy  of  an  electric  current  by  the" 
agency  of  magnets ;   this  conversion  being  usually  ef- 
fected  by  rotating  a  coil  of  wire  in  a  magnetic  field,  fl 
If    the    field   is    produced    by   an    electromagnet,   theV 
machine  is  ordinarily  called  a  dynamo-electric  machine; 
or,    in  brief,   a   dynamo.     The   two   essential    parts  cf 
a   dynamo   are   the    revolving    part,   called   the    arma- 
ture, and  the  fixed  or   magnetic  part,  called  the   field. 
Two  fuadamental   forms  of  armature  are  in  use,  knowa^ 
as  the  Giamme  armature   and   the  Siemens  armHtarc.fl 
respectively.     The  former,  invented  b3'  Gramme  in  1871. 
consists  of  a  ring  of  iron  wire,  upon  which  a  number  of  j 
coils  of  copper  wire  are  wound  ;  the  whole  rotating  upoi 
an  axis  perpendicular  to  the  ring.     The  latter,  propoi 
by  Siemens  in  1873,   consists  of  a  cylinder   made 
of  thin  iron  disks,  upon  which  the  eop|»er  coudnctind 
wire    is  Avound-  lengthwise.     The   former   arrangementyj 
in  which  the   condiictor  is  wound  through   a   ring,  it 
called  a  ring  armature;  the  latter,  in  which  it  is  wounilj 
upon  the  outside  of  a  solid  cylinder,  is  called  a  dxua 
armature.      Upon   the   axis  of  the  armature  and  insn-j 
lated  from  \V,  atn^^  c\  co^^^ix  e<\ual  in  number  to  tLft 
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colls  and  parallel  to  the  axis  are  placed  edgewise,  care- 
fully insulated  from  each  other ;  one  of  these  strips 
being  counected  to  the  last  eud  of  one  coil  and  to  the 
first  eud  of  the  coil  iui mediately  following.  This  ar- 
raagemeut  is  called  the  collector.  The  field  consists  of 
one  or  more  electromagnets,  which  in  series  dj'uamoa 
are  magnetized  by  the  passage  of  the  entire  current,  and 
iu  shunt  d}iiamos  by  the  passage  of  a  fraction  of  this 
ourrent  through  it.  In  some  cases  the  field  is  charged 
by  the  current  of  u.  separate  machine  called  an  exciter. 

718.  Mode  of  Oiwration  of  Dynauiu-iniichiueH, — 
The  operatiou  of  a  djnamu  is  easily  understood.  In  the 
figure  (Fig.  360),  which  shows  a  ring  armature  revolving 
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between  the  magnetic  poles  N  and  5,  it  is  evident  tbat 
while  the  flow  of  magnetic  force  through  any  given  coil 
is  n  maximum  when  this  coil  is  at  the  t<ip  or  the  bottom 
of  its  revolution,  the  rate  of  varintion  of  this  force  is  a 
miiximum  when  the  coil  is  passing  a  line  joining  the 
poles;  i.e.,  a  horizontal  line.  For  a  coil  on  the  right 
side,  tlie  poteutial-difi*ereuce  developed  is  equal  but 
opposite  in  direction  to  that  in  a  coil  on  the  left  side. 
Moreover,  no  potential-difference  is  developed  in  the 
coils  at  top  and  at  bottom  of  the  ring.  As  a  given  coil 
))asses  from  the  top  toward  tlie  N  pole  a  difiereuce  of 
potential  is  developed  in  it  in  a  certain  direction  which 
increases  steadil}' in  amount  until  it  reaches  a  maximum 
in  the  horizontal  position  and  then  decreases  again  until 
it  is  180"  from  its  first  position.     This  potential-differ- 
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ence,  however,  while  varying  in  its  value  according  to 
the  position  of  the  coil,  remains  constant  in  its  direction ; 
a  decreasing  negative  flow  of  force  through  the  coil  tak- 
ing the  place  of  an  increasing  positive  one.  On  the  left 
side  of  the  ring  a  similar  poteutial-difiference  will  be  de- 
veloped, but  opposite  to  the  former  in  direction.  Since 
the  potentials  of  all  the  coils  ou  the  same  side  xvill  be 
added  together,  the  coils  being  in  series,  it  follows  that 
the  maximum  of  negative  potential  will  be  found  at  the 
top  of  the  ring  and  of  positive  at  the  bottom ;  or  vice 
versa,  according  to  the  construc- 
tion. So  that  on  placing  wire 
brushes  at  these  upper  and  lower 
points,  as  is  shown  in  the  figure, 
the  maximum  potential-difference 
is  developed  between  them.  The 
relation  between  the  coils  on  the 
two  sides  of  the  ring  is  analogous 
to  that  between  a  pair  of  batteries 
connected  in  multiple  (Fig.  361); 
except  that  tlie  potential-difference 
of  the  middle  coils  is  greatest,  and  diminishes  toward 
the  ends. 

The  operation  of  the  drum  armature  is  quite  similar. 
In  the  figure  ^Fig.  362)  sup2>o8e  the  armature  to  consist 
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of  a  single  rectangiilar  coil,  capable  of  rotating  on  a 
horizontal  axis  perpendicular  to  the  lines  of  force  of  the 
field  between  N  and  &  When  the  coil  is  vertical  the 
flow  of  force  through  it  Ls  a  maximum,  but  the  variation 
of  the  flow  la  a  luvvivwiAVAXi  \  v\w\  mw*  ve.raa.    Hence  the 
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electromotive  force  developed  in  the  coil  is  proportional 
to  the  sine  of  tlie  angle  which  tht>  plane  of  the  coil  makes 
with  the  vertical ;  or  in  general,  to  the  sine  of  the  angle 
which  a  normal  to  this  plane  makes  with  the  direction 
of  the  field.  In  the  position  of  the  coil  shown  in  the 
dotted  lines,  this  angle  is  90°  and  its  sine  unity,  and 
hence  the  potential-difference  is  a  maximum.  As  the 
coil  moves  in  the  direction  of  the  arrow,  from  the  verti- 
cal pfjsition  shown  to  a  second  position  J  80°  from  this, 
the  electromotive  force  developed  in  it  rises  to  a  maxi- 
mum at  90**,  and  then  falls  to  zero  again;  this  electro- 
motive force  being  higliest  at  the  l)aek  c^f  the  descending 
side,  and  vice  versa.  Then  as  the  coil  continues  to  rotjite 
from  180*^  to  360°  to  assume  its  initial  position,  the  flow 
of  force  through  it  is  in  the  opposite  direction  ;  and 
hence  the  electromotive  force  developed,  while  the  same 
in  amount,  is  opposite  in  direction,  i.e.,  is  highest  at  the 
front  end  of  the  now  ascending  wire.  The  two  ends  of 
this  coil  are  connected  with  sliding  contacts  on  the  axis 
by  which  the  machine  is  connected  to  the  external  cir- 
cuit. If  two  rings  of  metal  form  this  contact-piece,  then 
as  the  electromotive  force  developed  on  tiiese  rings  is 
reversed  every  revolution,  the  current  will  be  an  alter- 
nating one,  as  already  stated.  But  if  the  contact-piece 
consists  of  two  cylindrical  segments  of  metal  (Fig.  363) 
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clasping,  but  insulated  from,  the  axis,  their  dividing  line 
being  vertical,  then  evidently  at  the  instant  at  which  the 
current  is  reversed  in  direction  by  the  motion  of  the 
coil,  it  is  re-reveraed  by  the  change  in  the  segment  on 
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which  press  the  brashes  BB'  leadiug  to  the  exteraal 
Goii  The  fuuctiou  of  this  form  of  contact-piece  is  to 
reverse  or  commute  the  currents ;  and  hence  it  is  called 
a  coxnmatator.  The  form  of  the  current  produced  bj 
these  two  forms  of  contacts  ia  shown  in  the  diagrams ; 
in  the  former  (Fig.  364,  curve  A)  the  curve  goes  below 


the  zero  line  and  the  current  is  alternately  positive  and 
negative.  In  the  latter  (Fig.  365,  curve  A)  it  remains 
positive  in  direction,  but  varies  in  intensity  according  to 
the  same  law. 


Suppose  now  that  two  coils  be  used  in  place  of  one, 
either  on  the  ring  or  on  the  drum  armature,  these  coils 
being  connected  to  the  commutator  in  multiple.  If  they 
are  so  placed  as  to  conspire  in  their  effect,  the  potential, 
difference  will  be  the  same  as  with  a  single  coil,  while 
tbe  joint  resistance  of  the  two  will  be  half  that  of  either 
coil ;  and  hence  the  current  will  be  doubled.  If  two 
pairs  of  coils  be  used,  however,  and  be  so  arranged  that 
tbe  second  pair  is  at  right  angles  to  the  first  (Fig.  366), 
the  potoutial-differentie  of  the  one  pair  will  be  a  maxi-' 
mum  when  that  of  the  other  has  a  zero  value  ;  and  if 
there  be  no  commutator,  the  rise  and  fall  of  pi>tential  in 
the  two  ])airs  of  coiIh  will  be  that  shown  in  curves  A  and 
B  of  Figure  ^^,  oue  sine  curve  being  90**  behind  the 
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other.  If  separately  commuted,  however,  the  rise  and 
fall  of  potential  will  be  that  hIiowu  in  curves  A  and  B  of 
Figure  365.  If  there  are  four  seg- 
meutii  iu  the  comuiutator,  each  Heg- 
meut  being  connected  with  one  coil  of 
each  pair,  then  there  will  be  two  re- 
versalrt  and  two  commutjitiona  each 
revolution  ;  but  the  brushes  will  be 
simullaueousljincoinmumcationwith 
both  paifH  of  coils  at  a  time.  Conse- 
quently, since,  through  the  commuta- 
tor, all  the  coils  are  united  with  one  another  iu  series,  the 
electromotive  forces  developed  in  them  will  unite  to  pro- 
duce an  algebraic  sum,  which  constitutes  the  total  poten- 
tial-difference of  the  machine  and  the  variation  of  which 
is  shown  in  Pigure  367.    By  increasing  the  number  of 
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the  coils  thus  connected  the  coutinuity  of  the  direct 
current  may  be  continually  increased,  becoming  finally 
practically  constant.  The  contact-piece  in  machines 
with  many  coils  is  generally  called  the  collector. 

When  the  machine  is  in  operation,  the  magnetic  lines 
of  force  due  to  the  current  iu  the  armature  compound 
with  those  due  to  the  current  in  the  magnets,  and  pro- 
duce a  resultant  oblique  to  the  direction  of  the  field 
known  as  the  line  of  commutation ;  as  is  seen  at  DD'  iu 
Figure  363.  Hence  the  brushes  must  be  advanced  some- 
what in  the  direction  of  rotation  or  given  "a  lead  ;*'  the 
amount  of  which  varies  with  the  load  upou  the  machine. 

719.  Typical  ForniM  orOyuaiiio-inucliine. — In  prac- 
tice a  great  variety  of  forms  has  been  assumed  by 
dynamos,  both  with  reference  to  the  armature  and  to 
the  field-magnets.     The  typical   form  of  the  Gramme 
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machine  nsed  for  ligbtiug  is  shown  in  the  figure  (Fig.  . 
368).  The  tield  couHistH  of  two  ^-shnped  electro4^| 
mii^uets  placed  liorizontully  witli  tlieir  pitiues  vertical^^ 
and  their  8iniihir  poles  united  by  a  "pole-piece  *'  haviug 
curved  sideu.  VYithiu  the  cylindrical  Hpace  thus  forine( 
the  ring  armature  is  made  to  rotate,  its  axis  being  pan 
lei   tu  the    field   coils.     The   potential-diiTereuce   beiuj 


proportional  to  the  rate  of  vnriation  of  the  flow  of  for 
is   evidently,  for   a   given   field,   dependent    upon    t 
number  of  turns  in  the  coils  and  the  speed  of  rotation 
Because   of  the  difficulties   of  construction,  the  d 
armature    has    been    more   genprally   praph:>yed.     Tin 
figure  (Fig.  369)  gives  the  Edison  machine,  ha\ing  t 
form  of  armature,  and  one  of  tlie  most  efficient  machin 
in  use.     The  fieUl-magnets  are  very  massive  and  tlie  fie 
produced  proportionately  intense.     The   arraature-co: 
consists  of  thin  disks  of  sheet-iron,  insulated  from  eac 
other,  to  pTeNfeu\.1Eci'acB.\3\\;  <iwxtents.     Upon  this  core  a: 
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wouBd  the  coils,  which  are  connected  coutinaouHly  to 
each  other  and  are  also  connected  between  each  pair 
to  a  collector  having  as  many  segments  as  there  are 
coils. 

In  the  Brush  machine  and  the  Thomson-Houston 
machine,  the  coils  upon  the  armature  are  not  counectiMl 
together  in  series.     Hence  during  some  part  of  the  rotu- 


fon,  certain  coils  are  connected  with  collector  segmenth 
not  in  contact  with  the  brushes,  and  so  are  cut  out  of 
the  circnit ;  thus  diminishing  the  resistance  of  the 
machine*  In  the  Brush  machine  the  armature  is  of  the 
ring  form,  having  four  or  sometimes  six  pairs  of  coils 
npou  it.  In  the  Thomson-Houston  machine,  the  arma- 
ture is  of  the  drum  type  though  spherical  in  shape.  But 
only  three  coils  of  wire  are  wound  upon  it,  the  inner 
ends  of  which  are  connected  t<jgether,  and  the  outer 
ends  connected  to  a  collector  of  three  segments. 

Of  alternating  machines,  that  devised  by  Stanley  and 
known  as  the  Westinghnuse  machiue  is  one  of  the  best 


860 


pitrsics. 


known.  TLis  laacLiue  Lii^  a  cylindrical  armature  and 
a  multipolar  field.  The  field  cousists  of  sixteen  radial 
electroruaguets  pointing  iuwards,  their  bases  attached 
to  au  outer  cylindrical  frame.  Their  jmles  are  alter- 
nately positive  and  negative.  Within  the  cylindrical 
space  thus  formed  revolves  an  armature-uore  made  of 
thin  iron  disks,  upon  the  cireumfertjnee  t)f  which  are 
laid  datwiM^  sixteen  rectangular  coils  of  wire,  thei 
longer  sides  beiug  parallel  to  the  axis  of  rotation.  Th©' 
several  coils  are  connected  in  series,  the  ends  beiug* 
joined  to  two  uoUecting  rings  on  the  axis,  upon  which 
the  brushes  press.  Evidently,  since  in  alternate  coils  the 
electromotive  force  is  opposite  in  directiou,  these  coils 
must  be  wound  alternately  right-handed  and  left-handed  ; 
or  must  be  connected  alternately  so  that  the  electromotivd 
force  is  in  the  same  direction  in  all.  Since  there  are 
sixteen  alternations  in  each  revolution,  the  total  number 
of  alternations  per  minute  at  a  speed  of  1000  revolutions 
will  be  16000. 

7:20.    Series,    Shunt,   aiul    Conipouiid-woiind    Ma- 
chines.— In    1867,   Siemens,    Wheatstone,    and    Fanner 
showed,   almost    simultaneously,   that  on   rotating    an 
armature  connected  with  the  field -magnets,  the  slight 
residual  magnetism  of  the  iron  cores  develops  a  weal 
current,  which  on  being  sent  througli  the  field  coils,  in 
creases  the  magnetism  of  the  field.     This  reacting  on  the 
armature  increases  the  current  in  it  and  this  current  reac 
to  increase  the  field  ;  until  finally  the  full  power  of  tl 
machine  is  reached.     In  the  earlier  forms  of  dynam 
machine,  the   armature   coils,  the  field  coils,  and   ih 
external   circuit  were   all   in   series  with   one   anotlie 
and  the  machino  was  called  a  "series"  machine.    0 
couisp.  as  the  external  circuit  increases  in  resistance  tli 
current  round  the   field-magnets  decreases  and  so  th 
electromotive  force  diminishes.     Hence  such  machine 
are  l)est  adapted  to  work  on  a  circuit  of  constant  resis 
ance ;  such,  for  exam})Ie,  as  an  arc-light  circuit. 

In  the  plan  suggested   by  Wheatstone,  the  current 
from  t\ie  aimatvn^  viba  ^vddad-,  a  portion  being  sent 
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tb rough  the  fiehl-m agne ts  and  the  rest  being  sent 
througii  the  external  circuit.  Since  the  fiehl  coils  in 
this  generator  of  Wheatstone  are  placed  as  a  shunt  to 
the  main  circuit,  this  form  of  machine  is  called  a  "shunt  ** 
machine.  It  is  obviouB  that  in  this  type  of  dynamo 
the  current  through  the  iield-magnets  is  increased  as 
the  resistance  of  the  external  circuit  becomes  greater ; 
and  therefore  that  the  electrouiotive  force  of  the  ma- 
chine rises  as  the  resistance  to  be  overcome  increases. 
Hence  shunt  machines  are  best  adapted  for  circuits  in 
which  the  electromotive  force  is  to  be  maintained 
constant,  the  current  being  variable;  aa  is  the  case,  for 
example,  in  incandescent  light  circuits. 

Since  in  "  series  *'  machines  the  electromotive  force 
falls  with  increase  of  resistance,  while  in  **shuut"  ma- 
chines it  rises  with  such  increase,  it  is  plain  that  by  the 
use  of  both  devices,  compensation  may  lie  more  or  less 
completely  effected.  If  therefore  the  field-magnets  be 
wound  with  two  coilH,  one  of  low  resistance  in  series  with 
the  external  circuit,  the  other  of  high  resistance  in  derived 
circuit  with  it,  then,  provided  the  8j>eed  be  uniform,  it 
becomes  possible,  by  suitably  pniportioning  these  coils, 
to  render  the  electromotive  force  of  the  machine  prac- 
tically independent  of  the  resistance  of  the  external  cir- 
cuit so  that  the  machine  regulates  itself  automatical!}'. 
Such  a  machine  is  called  a  " com jxjund- wound "  ma- 
chine. 

721.  CuU'iilntion  of  the  Electruniotlvc  Force  of  a 

Pynaniii-inac'liine.  —  The  calculation  of  the  electro- 
motive force  of  a  dynamo  may  be  easily  effect^Ml,  Sup- 
pose a  drum  armature  having  a  coils  of  wire,  each  com- 
posed of  h  turns ;  then  ah  will  be  the  number  of  turns 
of  wire  on  the  circumference ;  and  since  there  are  two 
circuits  in  multiple  between  the  brushes,  \(ih  will  be  the 
number  of  wires  in  series  on  each  half  of  the  armature. 
Suppose  the  flow  of  force  ac/oss  the  field  to  be  iV^and 
the  number  of  rotJitions  })er  second  n.     Tlmn  since  each 

Lline  \A  force  is  cut  twice  in  each  revolution  by  each 
wire,  the  number  of  lines  so  cut  in  one  revolution  of  the 
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armature  will  be  2N,  the  uuiulier  eat  per  second  will  be 
2».V,  and  the  number  cut  by  the  wires  on  one  half  of 
the  armature  ^ah  or  \C  will  be  JC  X  *^nN\  or  nCN, 
Hence  the  average  difference  of  potential  develoj>ed, 
being  the  rate  of  variation  of  the  How  uf  force*  will 
also  be  nCN  absolute  units  j  or  hC'JV/10' volts.  ThuH 
the  d<:»w  of  force  in  a  certain  dviiamo-field  being 
4(XM)0(HI,  and  the  niuuber  of  wirea  on  its  armature 
being  100,  it  appears  that  the  electromotive  force 
developed  at  a  speed  of  17*5  rotations  per  second  will 
17  5  X  1*50  X  4  000  000 
100  000  000 


b^ 


=  112  volta      The    current- 


strength  is  of  course  obtained  by  dividing  this  electro- 
motive force  bj  the  resistance  of  the  circuit.  (Thomp- 
son.) 

722.  Efficiency  of  Dynamos* — Dynamos  have  two 
efficiencies :  tirst,  the  ratio  of  the  total  energy  developed 
in  the  entire  circuit  to  the  mechanical  energy  expended 
upon  the  machine ;  and  second,  the  ratio  of  the  energy 
expended  in  the  external  circuit  to  the  mechanical  energy 
absorbed.  The  former  is  generally  called  the  total  effl- 
cienoy,  the  latter  the  useful  efficiency  of  the  macliine.  Since 
JF=  EI,  it  is  evident  that  EI,  measured  with  a  watt- 
meter,  for  example,  must  approach  IV\  measured  me- 
chanically by  a  transmission  dynamometer,  the  more 
closely  in  proportion  as  the  total  efficiency  is  higher.  In 
every  case  there  are  two  circuits  through  which  the  cur- 
rent flows ;  i.e.,  the  internal  circuit  or  that  through  the 
dynamo  itself;  and  the  external  or  working  circuit.  If 
the  resistances  of  these  circuits  be  respectively  r  and  r,, 
then  /  =  ^/(r^  4" '■«)•  When  the  circuit  is  closed  the 
potential-difference  at  the  terminals  of  the  machine  is 
less  than  on  open  circuit ;  it  falls  from  E  to  t.  The 
current  in  the  external  circuit  then  is  *=■  c/r,,  while 
that  in  the  internal  circuit  is  i  =r  [E  ~  €)/rt ;  the  fall  of 
potential  in  the  two  cii'cuits  being  directly  as  the  resist- 
ances of  these  circuits.  Moreover,  since  the  current  is 
the  same  in  all  parts  of  a  circuit,  the  energy  expended 
in  the  two  ^oiUou*  ol  VW  ivbove  circuit  is  also  directly 


EKSHOY  OF  ^THSBryLOW.^ELECTROKINBTWS.  853 


proportional  to  tlio  resistnuoes  of  theHe  portions.  If, 
for  example,  the  poteutial-differecce  of  a  luauluue  on 
open  circuit  be  EyoMn  ami  the  current  on  chtsed  circuit 
be  /imiperea,  its  rate  of  work  or  "activity  "  will  be  EI 
watts.  If  c  be  the  potential-difference  on  closed  circuit, 
then  el  watt»  will  be  the  rate  of  work  in  tlie  external 
circuit.  Since  EI/  \V  is  the  total  efficiency  and  el/  IP  is 
the  u«eful  efficiency,  the  ratio  of  these  quantities  el/EI 
or  e/E  represents  evidently  that  fraction  of  the  whole 
work  done  by  the  iiijichine  which  is  utilized  in  the  ex- 
ternal circuit;  a  value  called  by  Thoiupwoii  the  "economio 
coefficient "  of  the  machine.  The  '*  economic  coefficient  *' 
of  a  machine  then  is  simply  the  ratio  of  its  electromotive 
force  on  closed  circuit  to  the  electromotive  force  on 
open  circuit ;  or  since  e/E  =  rj{;r^  -\~  r^),  it  ia  also  the 
ratio  nf  the  external  to  the  total  resistance.  Evidently 
in  order  that  a  dynamo  maj*  have  a  large  economic  co- 
efficient, and  therefore  a  high  useful  efficiency,  approxi- 
mating closely  to  the  total  efficiency,  it  is  necessary 
that  r  should  be  as  small  as  possible  compared  with  r.. 
This  law  of  maximum  efficiency  was  first  practically 
realized  by  Edison  in  1879. 

723,  Electric  Motors.^A  dynamo  is  a  completely 
reversible  machine,  and  may  therefore  act  as  an  electric 
motor  and  convert  electric  euerg)' into  mechanical  energy 
with  the  same  efficiency.  The  Spnigue  motor  (Fig.  370) 
ia  one  of  the  most  efficient  types  of  electric  motor.  A 
coil  through  which  a  curreut  is  passing  aud  which  is 
capable  of  rotation  about  a  diameter  as  an  axis,  experi- 
ences when  placed  in  a  magnetic  tield  a  force  tending  to 
rotate  it  so  as  to  make  the  flow  of  magnetic  force  through 
it  a  maximum.  The  work  done  per  second  in  thnn  rotnt* 
ing  it  is  the  product  of  the  moment  of  the  rotating  couple 
by  the  speed  ;  i.e.,  to  aiT",  if  f«>  be  the  angular  velocity 
and  T  the  twisting  moment  or  torque.  This  mechanical 
"activity  *'  is  derived  from  the  electrical  energy  supplied 
to  the  motor ;  so  that  this  mechanical  activity  is  the 
more  nearly  equal  to  the  electiical  work  expended  in  the 
same  time,  as  the  motor  ia  more  efficient.     Hemre  a>7^  = 
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JtEI;  in  whicli  k  is  the  efficiency.  Two  laws  of  efficiency 
are  here  to  be  considered  (617).  The  first  is  the  law  of 
Tnaxiuiuna  rate  of  work,  knf»wn  as  the  law  of  Jacobi.  If 
£  be  the  onanter-electromotive  force  developed  by  the- 
motor  and  E  the  direct  electromotive  force  supplied  to' 
it,  the  current  through  the  motor  l>eing  /,  the  rate  IT  at 
which  electric  enei^y  is  expended  upon  the  motor  is  E/ 
watts,  the  motor  being  at  rest.    Suppose  now  it  is  allowed 


Flo.  370. 

to  run  and  so  to  do  mechanical  work.  A  counter-elec- 
tromotive force  A' will  be  developed  in  it»  which  reduces 
the  current  to  t,  since  by  Ohm's  law  t  =  (E  —  £)/Ji ;  the 
energy  now  expended  per  second  being  W  =  Ei  = 
E(E  —  K)/Ii  watts.  Besides  doing  mechanical  work  ir, 
some  of  the  current-energy  is  lost  as  heat  //;  aud  the 
energy  equation  is  W  —  ic  =  JH—  I'i?,  if  ^be  the  resist- 
ance of  the  circuit.    Hence  w  =  W  —  PB ;  or  since  W  =  Et, 


w 


=  El  - 1'/?. 


im 


The  derivative  of  this  equation  with  respect  to  t  is 
E  —  2/7? ;  and  equating  it  to  zero,  we  Iiave  2/^  =  E  and 
t  =  iE/R  as  tbe  value  of  i  giving  the  maximum  rate  of 
work  of  the  motor.  But  wliRn  the  motor  is  at  rest,  the 
current  has  the  value  E/B.  For  the  maximum  rate 
of  work,  tVieteioTe,  \i\vft  laQtor   must  run  at   such   a 


VNBRGY  OF  .KTffSR-FL0W,-XLECTR0KINBTTC8.  866 


I 


I 


I 


speed  as  to  reduce  the  current  to  oue  half  that 
passing  whou  the  motor  is  at  rest 

If,  iu  the  above  equation  for  «',  the  value  (E  —  J^^)/R 
be  8ub8tituted  for  /,  we  get  as  the  value  of  10  = 
Bf.-E)/IL  Since  H' =  E(E  - /;)///.  we  have  ft;: 
Wi:E:JL  As  the  current  is  {Z  —  £)/Ii  and  also 
iE/Ii,  evidently  E  —  E=  iE,  and  therefore  E/E  =  i 
and  w/W^  i.  Or  the  efficiency  is  only  fifty  per 
cent  when  the  motor  does  work  at  the  uiaxiniiini 
rate.  Siemens,  however,  pointed  out  theoretically  that 
&  higher  efficiency  may  be  obtained  from  a  m(>t<ir  if  it  be 
made  to  work  at  less  than  its  maximinii  rate.  True  it 
does  less  work,  but  the  amount  of  work  done  n\u*u  it  is  also 
lessened  and  to  a  greater  extent;  so  that  the  elhciency  is 
higher.  Tlie  expression  w/  W  =  E/E  means  evidently 
that  the  ratio  of  tlie  work  done  by  the  mott)r  to  the  work 
done  up*>n  it  is  simply  the  ratio  of  the  counter-electro- 
motive force  developed  by  the  motor  itself  to  that  sup- 
plied to  it  by  the  generator.  So  that  by  increasing  this 
counter-electromotive  force,  either  by  increasing  the 
strength  of  the  field  or  the  speed  of  rotation,  the  effi- 
ciency may  be  made  very  nearly  unity  ;  exactly  as  is  the 
case  with  the  generating  dynamo. 

724.  Graphic*  Kepresentution  of  Elfieieucy. — These 
laws  have  been  graphically  represented  bv  Thompson. 
If  AD  (Fig.  371)  rejtreseut  the  potentiHl-tliflfereuce  E  and 
^7?  the  counter-electriinu)tive  force 
£t  E  —  B  will  be  represented  by 
AF;  and  since  the  diagram  is  a 
square,  the  total  energy  expended 
E(E  —  ^)  will  be  given  by  the  area 
AFDH,  anil  GliCL  will  represent 
the  useful  energy  iXE  —  E),  As 
R  is  constant,  the  ratios  of  M,E—E) 
to  E(E  —  E)  or  those  of  tlie  cor- 
responding areas  OLCII  io  AFDH  \\\\\  represent  the 
efficiency  of  the  mot<ir ;  i.e.,  the  ratio  of  the  useful 
energy  done  by  the  machine  to  the  electrical  energy  ex- 
pended upon  it.    The  area  OLCHh^  a  maximum  when  it 
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lieu  its  sides 


But  then  this 


18  a  square  ;  ij 

ai'ea,  which  represeuts  the  uueful  work,  will  be  one  half 
the  area  ADFII  which  represents  the  energy  expended. 
The  efficiency  will  then  be  SOper  cent  and  the  ratio  of  J5'/E 
will  be  one  half.  Sup|M)se  now  the  point  G  moves  toward 
D  (Fig.  372).  As  tlie  two  rectangles  ,1 FOK  and  GIICL 
remain  constantly  equal,  the  square 
GIIDKt  which  represents  the  dif- 
ference between  the  energy  ex- 
pended AFllD  and  the  useful  ^ 
energy  GHCL,  represents  the  en-  fl 
ergy  wasted  as  heat  Clearly*  the 
less  this  lieat-loss  the  gi'euter  the  ^ 
useful  energy  and  the  higher  the  H 
efficiency.  In  the  first  diagram 
this  heat-loss  is  enormous,  being  equal  to  the  energy  util- 
ized. In  the  second  it  may  be  made  as  small  as  we 
please  by  making  FB  or  E  very  large  compared  with 
AH  or  E.  If  it  be  nine  tenths  of  it,  then  the  current 
will  be  reduced  to  one  tenth  of  that  flowing  when  the 
motor  is  jit  rest ;  and  the  efficiency  of  the  motr>r  will  lie 
90  percent.  The  first  diagram,  therefore,  illustmtt^s  the 
law  of  Jacobi ;  the  latter  that  of  Siemens. 
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ELECTROMAGNETIC    CHARACTER   OF 
RADIATION. 


Section  I.— Relations  bet^ten  Light  and  ELEcnucmr. 

725,  Electroniuffnetk*  Rotation. — lu  1845,  Faraday 
showed  that  the  plane  of  polarizatiou  of  a  beam  of  light 
cau  be  rotated  b}^  a  maguetic  field.  Tlie  light  in  his 
experiment  iHsned  from  an  Argand  lamp  and  wan  polar- 
ized in  a  horizontal  plane  by  reflection  from  a  glass  sar- 
faoe.  It  then  traverHed  firwt  a  p'uwc  nf  lu^avj'  glasH  (lead 
boro-silicate)  placed  on  the  poles  of  a  large  electromag- 
net, parallel  to  the  direction  of  the  lines  of  force;  and 
second  a  Nicol  prism.  3y  suitably  rotating  this  prism 
the  field  was  made  dark  and  the  image  of  the  himp-Hame 
was  extinguished.  On  closing  now  the  current  through 
the  electromagnet,  the  image  of  the  flame  became  again 
visible  ;  and  on  rotating  the  Nicol  prism,  the  image 
could  be  again  extinguished  ;  thus  sliowiug  that  the 
plane  of  polarization  was  no  longer  horizontal  as  before, 
but  had  been  rotated  through  a  certain  angle  by  the 
magnetic  action.  If  the  marked  pole  of  the  magnet  i» 
the  one  nearer  to  the  eye>  the  rotatitm  is  left-handed ; 
so  that  the  prism  has  to  be  turned  to  the  left  to  extin- 
guish the  image.  In  general,  as  Faraday  proved,  the 
plane  of  polarizatiou  is  rotated  in  the  same  direction 
as  that  in  which  a  current  would  have  to  circu- 
late round  the  beam  to  produce  the  existing 
magnetism.  The  same  property  was  observed  in  other 
solids  and  also  in  liquids ;  but  no  effect  was  detected  in 
gases.      This   magnetic  rotation  differs  from  that  pro* 
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duceJ  by  rotatory  substances  (IGOj  iu  tbe  f^ct  that  wbil< 
the  magnetic  effect  is  a  fuuction  of  the  direction  of  tranj 
uimsioD,  the  hUteris  the  8aiue  whatever  tiie  direction 
trausraisHion.     It   foUowH  therefore   that   the  luaguetit 
rotation   will  Ije  doubled  ou  reflecting  the  beam  ba* 
ii^^aiu,  HO  aa  to  traverse  the  medium  twice  in  opposij 
ilirectious. 

Iu  1852,  Yerdet  iuvestif^ated  this  subject,  using  several 
jK»werfnl  coils  with  hollow  cores,  their  axes  lieing  in  th< 
same  line.     He  employed  the  Faraday  heavy  glass,  am 
also  ordinary  flint  glass   and    carlwu  disulphide.     Bi 
means  of  au  induction  method,  i.e.,  rotating  a  coil  li 
in  the  magnetic  tield  and  noting  the  current,  the  iuteu* 
sity  of   this  field  was  measured  and   his   experiments 
made  quantitative.     The  results  sliowed  that  this  mag- 
netic rotation  is  dependent:  1st,  upon  the  nature  of  the 
medium  employed  ;  2d,  upon  the  intensity  of  the  resolved 
part  of  the  magnetic  force  in  the  direction  of  tlie  light; 
and  3d,  upon  the  distance  traverseil.     So  that  for  a  given 
medium  and  a  given  wave-length   the  rotation  of  th< 
plane  of  polarization  between  two  points  takei 
in    the  path  of  the  beam   is  proportional   to  i\x{ 
difference  of  magnotio  potential  at  those  point! 
This  is  known  as  Vcrdet'g  law.     For  different  media  tli 
angular  rotation  ^  is  numerically  equal  to  the  increase 
of  magnetic  potential  iu  the  medium  F"^  —  r„,  multiplied 
by  a  coeflicient  w  which  is  generally  positive  in  diamafl;. 
netic  media  and  which  is  called  Verdet's  conitant.     It  is 
defined  to  be  the  amount  of  rotation  of  the  polari/ed 
beam,  expressed  iu  circular  me»Lsure,  which  takes  phu 
between  two  points  of  its  path  one  centimeter  apai 
witliin    the    medium,    when    the    magnetic    potentii 
difference    between   these   points   is   unity ;    i.e.,    it  ii 
ft?  =  0/{  Vjt—  Ffi).     The  value  of  this  constant  in  absolul 
measure  has  been  determined    by  Gordon  il877)  and  bv 
liayleigh  (1885),     For  carbon  di.sulphide,  using  thalliui 
light  of  wave-length  5'349  X  10"*  om.,  the  former  fin^ 
w  =  V5^i^81  X  10"'   radian.      Rayleigh»   nsiug   sodium' 
light  wit\\  CS,  a.\.\«^»o\i\ACvcw^\  V^^l?»\y  10-*  ra<lia] 
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Heuce  a  canal  iu  the  magnetic  meridian  I'lU  kilometers 
long  and  filled  with  this  liquid,  would  rotiite  the  plane 
of  polarizatioji  of  light  of  this  wave-length,  traversing  it 
under  the  action  of  the  earth's  magnetism^  about  50*. 
If  the  canal  coutainetl  distilled  water,  then,  since  accord- 
ing to  Gordon  co  ~  2*248  X  10"'  for  white  light,  the  ro- 
tation would  he  only  abuut  7•5^  H.  Becquerel  (1877) 
continued  these  experiments  and  showed  not  only  a  re- 
latitjn  between  the  magnetic  rotatory  power  and  the  re- 
fi'active  index,  the  value  B/^a*  {^*  —  1)  beinj^  constant, 
but  also  a  relation  between  the  rotation  and  the  wave- 
length, the  ex}>ressiou  just  given  when  multiplied  by 
the  sipiare  of  the  wave-length  being  also  constant.  In 
1879,  he  succeeded  in  detecting  rotation  in  gases  and 
even  in  measuring  its  iimount  He  proved  that  in  coal- 
gas  contained  in  a  tul>o  three  meters  long  the  beam  be- 
ing caused  to  traverse  it  nine  times,  the  double  rotation 
for  Hodiuin  light  was  -f-  fi'H';  that  in  liquid  carbon  disnl- 
phide  under  the  same  eruditions  being  513°  or  30780'. 
This  gives  the  approximate  value  3x  10''  as  Verdet's  con- 
fitant  in  coal-gas.  In  the  same  year,  Kundt  and  Kontgea 
measured  the  rotation  iu  compressed  gases  at  a  pres- 
sure of  250  atm.  Their  results  show  (1)  that  air,  oxygen, 
nitrogen,  carbon  monoxide,  carbon  dioxide,  coal-gas, 
ethyl,  and  marsh  gas  all  rotate  the  plane  in  tlie  direction 
of  the  magnetizing  current ;  (2)  that  the  amount  of  ro- 
tation is  different  for  different  gases;  and  (3)  tliat  for  a 
given  gas  it  is  proportional  to  the  density.  The  value 
of  Verdet's  constant  for  oxygen  is  8*822  X  10'';  for 
nitrogen  3870  X  10* :  for  hydrogen  4-023  X  lO'* ;  and 
for  carbon  monoxide  70(50  X  lO"'.  Hence  light  travel- 
ing in  the  meridian  would  have  t()  traverse  253  kilome- 
ters of  air,  in  order  to  be  rotated  1*  by  the  eartirs 
magnetism.  Becquerel  has  succeeded  in  detecting  the 
rotation  in  the  earth's  atmosphere  which  is  due  to  its 
magnetism. 

In  1877,  Kerr  noticed  that  the  plane  of  polarization 
of  a  beam  of  light  is  rotated  when  the  polarized  beam  is 
reflected  from  the  polished  pole  of  an  electroma^et; 
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and  fnrther  that  tlie  rotation  ia  ooutrary  in  direction  to 
tl»at  of  the  maguetiziug  current;  so  tiiat  the  rotation  is 
right-Landed  when  the  retloction  takes  place  from  the 
liorth-aeeking  pole.    In  the  diagram  ^Fig.  373j  the  beam 
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of  light  polarized  by  theNicol  prism  A  is  reflected  from 
the  pole  of  the  magnet  J/,  and  traverses  the  analyzing 
prism  B.  A  soft  iron  wedge  or  sub-magnet  C  placed 
close  to  the  pole  Ir  uned  to  concentrate  the  magnetic 
field.  To  eliminate  the  elliptic  polarization  due  to  the 
inetallio  reflection  alone,  it  is  necessary  to  make  the  in* 
cidence  normal.  A  plane-polarized  beam  from  the  Nic^l 
prism  A  (Fig.  374)  is  reflected  vertically  by  the  uusil- 


vered  mirror  G  on  to  the  pole  of  the  magnet  M,  thronj 
the  sub-maguot  C,  and  after  reflection  ia  analyzed  by  thi 
second  Nicol  pri^m  D,     The  l^icol  prisms  being  cresset 
the  field  ia  dark  ;  and  then  on  energizing  the  magnet,  tli< 
liffbt  rea\>\)feft.T>i,  w.\\v\  \\\tt.>i"W  ft^.*C\\\^f^^v*»Wd  a^ain  by  rotal 


RLBCTROMAGNBTIC  CHAIUCTKH  OF  HAVIATWy.    861 


ing  the  tiii&lyzev.  Kerr  Las  hIho  obtaiued  rotation  by 
reHection  from  the  side  of  a  mitgnet;  and  be  tindrt  that 
wLeu  the  plane  of  polarizutiou  is  parallel  to  the  plaue 
of  incidence,  the  rotation  is  always  in  the  same  direction 
as  the  inagnetiziug  cnnent. 

720.  Cleetrostutii!  8t  reset. — lu  1875,  Kerr  observed 
that  a  dielectric  under  the  influence  of  eleclrnstutic  stress 
becomes  doubly  refracting  and  hence  converts  plaue  into 
ellipticftUy  polarized  light.  The  experiment  is  conven- 
iently made  with  carbon  disulphide,  by  sending  a  beam 
of  plane-polarized  light  reflected  from  the  mirror  M 
(Fig.  375)  through  a  glass  tank  containing  the  liquid,  be- 
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tween  two  plates  of  metal,  the  plane  of  polarization  be- 
ing at  45'  to  the  vertical  The  Nicol  prisms  A  and  H 
being  crossed,  no  light  passes ;  but  on  connecting  the  two 
plartes  with  the  two  sides  of  a  condenser,  the  light  reap- 
peara  as  the  condenser  is  charged ;  the  phenomenon  be- 
ing at  first  white,  then  brilliantly  colored.  The  magni- 
tude of  the  t)ptical  effect  is  measured  hy  a  corapensafcf>r 
0  placed  close  behind  the  cell ;  and  the  potential -dif- 
ference by  the  Thomson  electrometer.  The  law  of  the 
action  is  thus  stjited  by  Kerr :  "The  intensity  of 
electro-optic  action  of  a  given  dielectric— that 
18,  the  quantity  of  optical  effect  (or  the  differ- 
ence of  retardations  of  the  ordinary  and  extra- 
ordinary rays)  per  unit  of  thickness  of  the  di- 
electric—varies directly  as  the  sijuare  of  the 
resultant  electric  force."  Or,  since  these  expres- 
sions are  equivalent,  the  action  may  be  said  to  vary  di- 
rectly either  (1)  as  the  energy  of  the  electric  field  per 
nnit  of  volume,  (2)  as  the  mutual  ftttraciiou  of  the  two  con- 
ductors limiting  the  field,  or  (3)  as  the  electric  tension  cf 
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the  dielectric  The  optical  effect  iu  liquids  varies  not 
oulj  iu  degree  but  also  in  character  ;  those  liquids  be- 
ing called  positive  which,  like  carbon  disulphide,  act  like 
glass  which  is  extended  iu  the  direction  of  the  lines  of 
force ;  and  those  being  called  negative  which,  like  the 
fixed  oils  in  general  and  especially  colza  oil,  act  like  gla«s 
which  is  compressed  in  the  direction  of  the  lines  of  force. 
Potier  has  suggested  an  optical  galvanometer  baseil 
on  the  magnetic  rotatory  power  of  liquids,  since  0  = 
GO^^nSI),  The  liquid  proi>osed  is  mercuric-potassium 
iodide,  which  has  a  magnetic  rotation  2*8  times  that  of 
carbon  disnlphide.  S^i  that  a  tube  one  meter  long,  filled 
with  it,  surroujuled  with  a  coil  50  centimeters  in  length 
and  having  5300  turns,  would  give  with  ouo  ampere  of 
current  a  rotation  of  115". 

The  electromagnetic  rotations  observed  by  Faraday 
aud  by  Kerr  are  essentially  similar,  the  Faraday  effect 
being  so  large  in  iron  that  a  distinct  rotation  is  produced 
when  the  beam  traverses  the  extremely  thin  film  of  this 
metal  uecessarj-  to  produce  reflection.  Suppose  J*Q 
(Fig.  37C)  to  be  the  plane  of  polarization  of  the  l>eam,  and 
let  it  be  resolved  into  the  two  circular 
components  PNQ  and  PMQ.  Evidently, 
since  these  are  progressing  perpendicu- 
larly to  the  plane  of  the  paper,  it  is 
necessary  only  to  suppose  one  of  tliose 
components  to  be  retarded  or  accel- 
erated, in  order  to  produce  when  re- 
componnded  a  plane-polarized  beam  as  before,  but 
rotated  through  a  certain  angle.  The  speed  of  propaga- 
tion of  radiation  is  proportional  directly  to  the  square 
root  of  the  elasticity  and  inversely'  to  the  square  root 
of  the  density  of  the  lether.  Electrically,  however,  the 
relative  elasticity  of  the  aether  in  dielectrics  is  the  recip- 
rocal of  the  dielectric  constant ;  and  the  density  is  th»> 
magnetic  permeability.  So  that  calling  k  tlie  reciprocal 
of  Ky  the  dielectric  constant,  and  ^  the  permeability,  we 
have  8  =  VfefM.  Hence  the  speed  of  radiation  is  in- 
creased Vt\  v.A\^vVeN^x  Wi^'^^t^  \^ct«i'^'^^  fe\U\ftr  the  mag- 
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netie  or  the  electric  ]»erinrability  of  tlie  medium.  lu 
many  media,  such  as  iron  for  example,  tlie  permeability 
is  not  constant;  and  if  the  luedium  be  alreadj*  strongly 
magnetized,  its  penueubility  will  be  different  for  au  iu- 
creaBe  of  maguetiziu^  force  in  the  Hame  dii-ection,  and 
for  an  equal  increase  in  tlie  opposite  direction  (Lodge). 
Heure  one  of  the  circular  conipoueuts  beiug  in  the  winie 
direction  as  the  existing  niugnntizing  force  while  the 
other  component  is  in  the  opposite  direction,  the  change 
of  permeability  will  iit»t  be  the  same  for  both  and  they 
•will  traverse  tlie  medium  with  different  speeds  and  so 
when  compounded  will  produce  rotation  of  the  polarized 
Learn,  The  direction  of  the  rotation  will  dej>end  upon 
whether  fi  increases  with  small  intensitications  of  the 
field  or  decreases  with  them  ;  a  substance  in  which  >*  is 
constant  showing  no  Faraday  effect,  lu  inm  ;*  is  great- 
est for  an  increasing  magnetizing  force,  aud  hence  tJiat 
component  which  agrees  in  direction  with  the  magnetiz- 
ing current  will  have  the  less  speed  ;  producing  rottitiou 
in  a  direction  opposite  to  that  of  the  magnetizing  cur- 
rent. 

With  reference  to  the  electrostatic  effect  obserAed  by 
Kerr,  we  may  suppose  that  a  beam  polarized  in  the  plane 
PQ  (Fig.  377)  is  resolved  into  two  perpendicular  compo- 
nents AB  and  CJ>\  and  further,  that 
one  of  these  components  traverses  the 
medium  with  a  different  speed  from 
the  other.  Endently.  when  again 
compounded,  the  resulting  vibration 
will  be  circular  if  the  retardation  be 
a  quarter  period,  or  elliptical  if  it  be 
less  than  this.  EWdently  if  a  dielec- 
tric be  subjected  to  a  severe  electrical 
stress,  the  vahie  of  its  electric  permeability  K  will  be 
different  along  the  lines  of  force  and  perpendicular  to 
those  lines.  Cousecjuently,  the  component  in  the  tlirec- 
tion  of  the  lines  f)f  force  will  move  hvster  than  that  at 
right  atigles  to  them  aud  the  medium  will  become  doubly 
refractive  and    exhibit    the   effect  described   by  Kerr. 
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Evidently  a  subslauce  -wbose  electric  permeability  i» 
absolutely  coustant,  **ucb  as  free  space  for  example, 
cannot  show  this  effect 

727.  The  Hall  Effect.— In  1880,  Hall  observed  that 
whon  a  current  is  made  to  traverse  a  tbiu  sheet  of  metal, 
such  for  instance  as  gold-leaf,  placed  in  a  magnetic  field 
with  its  plane  perpendicular  to  the  lines  of  force,  a 
l>otential-4liffereuce  is  developed  in  the  film,  perjiendic- 
ular  at  the  same  time  to  the  lines  of  force  and  to  the 
direction  of  the  current.  Thus  if  Uie  current  flows  be- 
tween A  and  B  (Fig.  378),  two  points  a  and  b  can  be 
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found  having  the  same  potential  the  cnrrent-lines  and 
equipotential-iines  being  as  in  the  left-hand  figure.  If 
now  the  magnet  be  excited  and  /*  be  the  direction  of  its 
lines  of  force,  a  transverse  electromotive  force  is  devel- 
oped and  both  the  current-lines  and  the  equipotentiaU 
lines  in  the  conductor  are  displaced  :  (1)  the  potential  of 
rt  being  higher  than  h  and  the  current  through  the  gal- 
vanometer tiowing  from  (i  t<jward  6,  in  the  case  of  iron, 
cobalt,  and  zinc,  this  direction  bemg  the  same  as  that 
in  wliich  a  conducting  wire  would  be  urged;  and  (2) 
from  h  toward  a  in  the  case  of  nickel,  gold,  silver,  and 
bismuth  ;  no  effect  being  observable  with  platinum  and 
lead.  This  displacement  in  the  case  of  bismuth  is 
shown  in  the  light-hand  figure.  Experiment  shows  the 
electromotive  force  developed  E  =  ClF/t  \  in  which  / 
is  the  strengtli  of  tlio  primary  current,  F  the  strengtii  of 
the  field,  e  the  thickness  of  the  film,  and  C  a  constant, 
representing  the  electromotive  force,  when  /,  F*,  and  e 
are  each  unity.  For  bismuth  this  constant  has  tlie 
value  —  85800  ;  (ot  nickel  — 14'0;  and  for  gold  —  OGG. 
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Antimouy  gives  +  14*0  as  the  value  of  L\  iron  +  7"85, 
cobalt  +  2-40,  and  zinc  -f-  0-8:1  The  Hall  effect  is  com- 
plicated bj  the  actiou  of  the  maguetic  Held  upuu  the 
conductivity  aud  thermo-electric  properties  of  the 
metaLs  used ;  these  actions  being  especially  large  iu 
bismuth. 

The  intimate  relation  between  this  transverse  electro- 
motive force  observed  by  Hall  and  the  Faraday  effect 
has  been  pointed  out  by  Kowland.  If  an  electric  dis- 
placement be  produced  iu  an  insulator,  this  displace- 
ment ought  to  suffer  a  slight  r<»tatiou  when  the  dielec- 
tric is  }>laced  iu  a  strong  magnetic  field  so  that  the  lines 
of  electric  and  of  magnetic  force  are  perpendicular  to 
each  other,  provided  that  such  a  transverse  electro- 
motive force  exists  as  is  indicated  in  the  Hall  effect ; 
this  rotiitiou  taking  place  during  the  variable  stiite 
only. 

728.  Electrical  Radiation. — The  electrostatic  ex- 
periments of  Kerr  prove  clearly  the  displacements  which 
are  effected  iu  dielectrics,  and  the  consequent  strains 
developed  whenever  these  dielectrics  are  electrically 
charged.  Whenever  the  distorting  force  is  removed, 
however,  the  stress  is  relieved  and  the  medium  is  re- 
stored to  its  primitive  state  ;  but  then,  being  elastic,  it 
passes  its  point  of  equilibrium  antl  thus  is  thrown  into 
oscillations  which  gradually  die  ont.  Precisely  as  a 
tuning-fork  in  Wbration  expends  its  energy  in  produc- 
ing air-waves,  so  a  condenser  in  its  discharge  thrown 
the  tether  into  vibration.  In  both  cases  the  number  of 
\nbrations  per  second  is  determined  by  the  \ibrating 
body ;  but  the  speed  of  pr()j>agatiou  is  a  function  of  the 
transmitting  medium  only.  The  time  of  a  complete  vi- 
bration of  an  elastic  body  is  given  by  the  simple  har- 
monic equation  T  =27r  Vin/k\  i.e.,  is  proportional  to 
the  square  root  of  the  ratio  of  the  inertia  and  the 
elasticity-cooflRcients.  In  the  case  of  a  condenser-cir- 
cuit, the  reciprocal  of  the  capacity  of  the  condenser  is 
the  elasticity-coefficient,  while  the  self-induction  of  the 
circuit  represents  the  inertia-coeflScient.     Ho  that  if  L  be 
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the  self-indnctiou  aud  C  the  capacity,  the  time  of  a  com- 
plete oscillation  will  be  7"  =  2»'  VLC\  aud  the  vibratiou- 
frequency  the  reciprocal  tif  tliis.     Agatu,  the  speed  of 

propagation  is  S  =  il'/fi*  in  wliich  k  is  the  reciprocal  of 
the  dielectric  constant,  aud  ^  is  the  permeability  of  tlie 
niediuiu.  Tli»_*  discliarge  of  a  coudeuser-circuit  there- 
fore jn'oduces  a  succession  of  waves  in  the  lether  whose 
frequeucy  is  calculable  from  the  iirat  of  the  above  for- 
mulae and  whose  speed  of  propagation  ifi  calculable 
from  the  second. 

7t21l.  HertK*8  ExpertnieiitH. — Since  neither  of  the 
coustautK  k  nor  ^  is  knowu  in  absolute  value  f<^»r  the 
a»ther,  the  speed  of  wave-projmgati<»n  in  this  medium 
cannot  be  C4ilcidated.  But  evidently  it  may  be  deter- 
mined exj)en  men  tally.  In  theory  a  condensfer-oircuit 
may  be  made  to  face,  at  a  given  distance,  \v  nearly  closed 
circuit,  and  the  time  noted  after  the  primary  spark,  be- 
fore the  secondary  or  induced  spark  makes  its  appear- 
ance. Practically,  however,  the  time  is  too  brief.     Hertz 
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in  1888,  however,  by  means  of  an  interference  method, 
couverted  the  moving  waves  iuto  stationary  ones  by  re- 
flection from  a  metallir  surface,  aud  then  measured  the 
distance  between  two  successive  nodes  ;  whicli  of  course 
is  equal  to  hiUf  a  wave-length.  For  geueratiug  these 
electnc  waves  in  the  sther,  he  used  an  np]>aratus  like 
that  shown  in  the  figure  (Fig.  379).  Two  metal  rods  t 
and  ^',  terminating  in  small  metal  balls  C,  D,  are  pro- 
inded  wittv  \\xo  iw^VaX  w^Vetea  A^  B  sliding  upon  them 
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and  by  nieaus  of  wliich  their  electrostatic  capacities 
can  be  varied.  The  system  is  charged  by  au  induc- 
tion coil  /,  a  H])ark  paKsing  between  C  and  I>  when  the 
potential  reaches  a  value  corresponding  to  the  distance 
separating  theui.  From  the  diameter  of  the  splieres  A 
and  i?,  the  capacity  C  of  the  system  in  microfarads  can 
be  approximately  calculntetl,  and  from  the  dimeusiouH 
of  the  rods  i  and  i'  its  self-iiKluction  L  in  quadrants  can 
be  determined.  These  values  known,  the  time  of  a  com- 
plete oscillation,  being  T'  =  2?r  f'XC,  can  be  obtained. 
By  varying  the  p03iti<m  of  the  spheres,  on  the  rods,  the 
value  of  L  may  be  adjusted  within  certain  limits.  In 
order  to  pnnUioe  wuveH  of  convenient  length,  such  as  a 
meter  or  two,  the  conditions  must  be  such  as  to  secure 
proportioniilly  rapid  oscillations  ;  i.e.,  since  h  =  nA,  both 
L  Hiid  C  must  be  small. 

On  putting  the  apparatus  in  action,  two  sets  of  wavea 
of  the  same  period  are  generated,  tlie  one  electrostatic, 
the  other  electromagnetic.  At  a  given  j)oint,  therefore, 
two  corresponding  effects  arH  produced,  which  by  ap- 
propriate means  may  be  separately  studied.  The  elec- 
trostatic lines  of  force  lie  in  planes  passiug  through  the 
centers  of  the  spheres  -(  anil  B^  and  go  from  one  of 
these  spheres  to  the  other.  The  electromagnetic  linea 
of  force  on  the  contrary  are  in  planes  perpenditmlar  to 
those  just  mentioned,  and  are  concentric  about  the  rods 
t,  t\  In  order  to  explore  the  field,  Hertz  used  an  open 
wire  ring  having  its  ends  provided  with  small  balls  ad- 
justable micrometrically,  so  that  their  distance  apart 
can  be  accurately  measured.  When  this  circuit  is 
made  to  enclose  the  electromagnetic  lines  of  force,  in- 
duction sparks  are  produced  between  its  terminals, 
which  reach  a  maximum  vidue  when  the  plane  of  the 
coil  passes  through  the  axis  of  the  vibrating  generator. 
The  best  effects  are  obtained  when  the  receiving  coil  ia 
so  luljusted  that  its  oscillations  are  synchronous  with 
those  of  the  generating  circuit ;  and  hence  this  coil  ia 
called  a  resonator.  Moreover  throughout  the  fields 
Bparks  may  be  obtained  between  any  two  metallic  ob- 
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jects  such  as  keys  or  coins ;  and  in  fact  two  rods  such  as 
/,  t'  (Fig.  380)  placed  hx  the  same  line,  with  their  ends 
close  together,  uud  supported  in  the  box  /'by  the  glass 
tubes  g,  g\  were  actually  used  as  a  receiver.  By  attacb- 
iug  sheets  of  tinfoil  A,  B  to  these  rods,  the  capacity 
m&y  be  increased  so  that  sparks  can  be  obtained  at  a 
distance  of  20  or  30  meters  from  the  oscillator.  The 
wall  opposite  the  oscillator  was  covered  with  sheet  zinc, 
which  being  a  conductor  acted  as  a  reflector  for  the 
electrical  waves.     I3y  adjustment  of  the  distance,  and  by 
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moving  the  resonator  about,  points  of  maximum  and 
minimum  disturbance  were  observed  correspondinpf  U> 
the  loops  and  uodes  of  a  vibrating  string.  The  ])roduct 
of  the  wave-length  thus  determined,  by  the  vibration- 
frequency  calculated  from  the  const^ints  of  the  oscilla- 
tor, gave  of  course  the  speed  of  propagation ;  and  this 
was  found  to  be  3-02  X  10'"  centimeters  per  second,  or 
practically  the  speed  of  light.  Moreover,  Hertz  found 
that  this  electric  radiation  can  be  retiect<id  by  plane 
conducting  surfaces,  while  nou-couductors  transmit  U; 
so  that  by  metallic  parabolic  mirrors,  it  can  be  concen- 
trated to  a  focus-  Ai>erture3  in  a  series  of  screens 
show  the  rectilinear  propagation  of  the  waves,  and  a 
gridiron  of  metallic  wires  reflects  them  when  its  length 
is  parallel  to  the  direction  of  oscillation,  and  is  trans- 
parent to  them  when  the  oscillations  take  place  in  a 
directioTi  peT^eudicular  to  tJie  wires.  By  means  of  a 
prism   ol   \A\.cVv,  \«'\V\y  lAt&ft  tiXio^xV  ^  -tt^t^^t  square  and 
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liaving  a  refracting  angle  of  30°,  Hertz  shuwed  the  re- 
fraction of  these  nidiutious ;  aud  since  the  doviatiou 
produced  b}^t  wuh  22'',  it  foIh)\vs  thut  for  the  60  cm. 
waves  used  iu  the  experiment,  the  refractive  index  of 
the  ]»itcli  was  about  r7. 

Section  IL — ELErrKOMAONEnc  Theoiiy  pF  Light. 

730.   Maxwell's   Theory   of   Kudiiilion.— In     1865, 

Maxwell  propounded  the  tiieorj  that  light  is  an  electro- 
lujiguetic  disturbance.  Optical  as  well  as  electricnl 
phenomena  require  the  existence  of  a  medium  the  prop- 
erties of  which  seem  to  be  identical  for  both.  More- 
over, the  speed  of  propagation  of  a  disturbaucM  in  tlie 
medium  seems  to  be  the  mime  whether  the  disturbance 
be  an  electric  one  or  an  optical  one.  If  the  disturbance 
be  electrical,  mh  see  that  the  repulsion  between  two  sim- 
ilar charges  Q  is  proportional  io  Q^\  and  since  the  lines 
of  force  coincide  with  the  lines  of  displacement,  the  re- 
pulsion is  also  proportional  to  the  elasticity  of  the 
medium.  So  that  to  keep  tiie  repulsion  the  same  when 
the  elasticity  of  the  meilium  increases,  the  chai*ge3  must 
be  diminished  ;  the  square  of  either  charge  remaining 
inversely  proportional  to  this  elasticity,  or  the  charge 
itself  varying  inversely  as  tlie  square  root  of  the  elas- 
ticity. But  since  the  electrostatic  unit  of  quantity  is  de- 
fined as  the  (juHutity  which  repels  an  equal  quantity  at 
unit  distance  with  unit  force,  it  follows  that  this  unit 
will  vary  with  the  dielectric  iu  which  the  displacement 
is  effected,  being  inversely  proportional  to  the  square 
root  of  its  elasticity.  Again,  suppose  two  parallel  cur- 
rents to  flow  in  the  same  direction.  They  will  attract 
each  other,  and  their  attraction  will  be  proportional  to 
the  product  of  the  current-strengths ;  i.e.,  to  the  square 
of  either  if  the)'  are  equal.  The  tether  vortices  devel- 
oped by  these  currents  will  move  with  a  speed  propor- 
tional to  the  current-strength  ;  and  the  pressure  exerted 
by  them  will  vary  as  the  density  of  the  medium  and  as 
the  square  of  their  velocities.    To  maintain  the  attrac- 
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tioQ  betweeu  the  currents  constant  wlieu  the  deusitj 
the  niediaiu  is  changed,  the  velocity  of  the  Torticen  most' 
vary  inversely  as  the  square  rout  of  the  density ;  Le., 
since  the  velocity  of  the  vortices  ia  proportional  to  the 
current-strengths,   the  strength  of  each   current   must 
vary  inversely  mh  the  square  ri^ot  of  the  density  of  the 
inedinui.     But  the  electromagnetic  unit  of  quantity  beinj 
defined  as  tiie  quantity  which  tlows  per  second  in  a  wire' 
and  attracts  an  equal  quantity  flowing  per  second  in  ft. 
])HraIlel  wire  at  unit  distance  with  unit  fo^ce,  it  followi 
that  this  miit  will  vary  inversely  jvs  the  square  root  o| 
the  density  *>[  the   medium.     Evidently,  therefore,  th< 
ratio  of  the  electromagnetic  unit  of  quantity  to  the  ele< 
trostatic  unit  will  he  proportional  to  the  ratio  of  tl 
square  root  of  the  elasticity  to  the  square  root  of  thi 
density  of  the  medium.     But  this  latter  ratio  represent 
the  speed  of  propagation  through  an  elastic  medium 
and  hence  the  ratio  of  ttiese  units  represents  the  speeill 
with   which   an   electi'omagnetic   disturbance    traverses 
the  lether. 

731.  CoiuiiuriHOii  of  ElectrostHtlc  and  Klectroittug* 
nettc.  Units. — In  18*i8,  Maxwell  devised  an  experimeul 
for  determining  this  speed  by  a  comparison  of  the  elec- 
trostatic and  the  electromagnetic  units,  the  principle  oj 
which  consists  in  balancing  the  attraction  between  tw( 
electritiod  disks  ha'.-ing  known  charges,  against  the  re- 
pulsion of  two  coils  thrnugh  wliicli  known  currentii  araj 
flowing  in  opposite  directions.  The  result  of  this  experi- 
ment gave  for  the  value  of  this  ratio  2*88  X  10'*  centt- 
meters  i>er  second.  Already  in  185t).  by  measuring  th< 
charge  of  r.  ndenser,  1st,  electrostatically  by  th< 
product  of  ib  capacity  and  potential-difference;  au( 
i2<l,  electromagnetically  by  discharging  the  condense] 
tlirough  a  galvanometer, ^ — Weber  and  Kohlrausch  ha< 
obtained  the  value  31074  X  10"  cm.  Lord  Kelvin,  ii 
1869,  by  comparing  the  value  of  a  given  eleetromotivi 
force,  measured  electrostatically  with  an  electrontetoi 
and  measured  electromagnetically  with  an  electrfwlv- 
naraometet,  ttvft  TfcHVft^AM\tG  being  known,  obtained  thi 
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mean  value  2*825  X  10'"  cm.  A  repetitiou  of  these  ex- 
perimeutH  hy  McKii'hau  gave  293  X  10"  cm.  aa  a.  lueuu. 
Ayrtoa  &  Perry,  iu  1878,  (letermined  the  capacity  of  an 
air-cou(1eu8er  both  electrostatically  aiul  electroiuagueti- 
oally  aud  obtained  2*98  X  10"*  ivs  a  moan  of  1>8  experi- 
ments. Hockiu,  in  1870,  by  the  same  method  obtained 
the  value  2988  X  10"*  cm.  Rowland,  in  1875,  had  nliown 
that  a  cliarge<l  gilt  ebonite  disk  21  cm.  in  diameter, 
revolving  61  times  a  Mecoud,  deflected  a  magnetic  needle. 
Moreover,  he  measured  the  deflection  aud  compared  the 
results  with  those  required  by  theory.  From  his  data, 
it  follows  that  a  vjilue  of  30448  X  lO'*  cm.  for  the  ratio 
of  the  units  would  have  given  the  deflection  he  observed. 
In  1883,  J.  J.  Thomson  obtained  the  value  2%3  X  10'\ 
As  a  final  mean,  the  valn*^  3  X  10'"  cm.  is  now  generally 
adopted  as  the  ratio  of  the  two  units. 

But  this  ratio  is  identical  with  the  speed  of  light  as 
determiued  by  the  most  recent  experiments.  Cornu's 
result  (1874)  as  discusHed  by  Listing  is  2-9999  x  10", 
Miclielson's  (1882)  is  2-99853  X  10'*,  and  Newcomb's 
(1882)  is  2-9986  X  10"  cm.  It  would  seem  therefore  that 
experimeutallj'  the  value  3  X  10"  centimeters  per  second 
represents  equally  the  speed  of  propugntion  of  light  and 
the  speed  of  pro]>agation  of  electric  disturbances,  both 
taking  place  iu  tlie  x'ther.  And  hence  that  the  electro- 
magnetic theory  of  light  as  proposed  by  Maxwell  is 
based  upon  a  firm  foundation  of  experimental  fact. 

7S2.  Rrlalion  Uotwoen  the  Oielectrit*  Constant  and 
the  UelVactive  Index. — Further  considerations  maybe 
adduce*!  in  snpi)orfc  of  this  theory.  Maxwell  liinisolf 
pointed  out  that  since  tlie  attraction  or  repulsion  be- 
tween two  rharges  Is  proportioual  directly  to  the  eloa- 
ticity  and  inversely  to  the  specific  inductive  capacity  of 
the  medium,  the  elasticity  of  any  medium  must  be  the 
reciprocal  of  its  specific  inductive  capacity.  In  other 
words,  if  k  be  the  rigidity  (or  elasticity  of  f<trm)  of  the 
medium,  k  =  \/K^  where  K  is  its  specific  inductive  ca- 
pacity or  dielectric  constant.  Moreover,  the  denaify  of 
the   medium    corresponds  to  the   permeability  or   the 
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specilic  magnetic  capacity.  f4.  Heuce  tUe  ftix^ed  of  trauH- 
luisisiou  in  »ucli  a  uiediuuj,  which  varieH  im  Vit///»  vurieH 
aioo  as  1/  i^A'/i.  Anil  this  uuist  be  the*  Hpc^ed  of  light  if 
li|;htiH  iin  olectronjaguv»tic  ilistui-bauot^.  Now  as  iu  urdi- 
uary  dielectrics,  such  nn  gla8»,  qiiai-tz,  sulphur,  etc.,  thf 
permeability  is  sensibly  the  same  as  in  a  vacuum,  it  fol- 
lows that  in  such  substanceH  the  Hpeed  of  light  luunt  he 
iuvorsely  pniportioual  tu  the  square  root  of  the  specific 
inductive  capacity.  But  the  refractive  index  of  a  sub- 
})tauce  is  the  ratio  of  the  speed  uf  light  iu  a  vacuum  to 
its  speed  in  the  sulmtiiuce  ;  and  henc^  the  specitic  induc- 
tive capacity  must  be  directly  proportional  to  the  square 
of  the  refractive  index  ;  i.e.,  since  «  =  1/  \'K^u  «*  =  l/Kti, 
and  «*,  which  =  1/*',  is  equal  to  A';< ;  or  is  }>ri»portional 
Ut  K,  In  general,  the  index  of  refraction  of  a  substance 
is  the  geometric  mean  of  its  electrostatic  and  magnetic 
specific  capacities.  Inasmncli,  however,  as  the  electro- 
motive forres  with  whicli  dielectric  constants  Hr»*  meas- 
ured continue  for  a  much  longer  time  than  the  duration 
of  a  light-vibration,  the  agreement  will  be  tJie  closer  a* 
the  wave-length  is  longer;  i.e.,  the  dielectric  constant  is 
equal  to  the  square  of  the  refractive  index  only  for  li^lit 
of  infinite  wave-length.  The  following  are  values  ex- 
perimentally obtained  ; 

Siibstaiict*.  VA'  n  AiUliurity. 

Hearv'  flint  glass. 1*747  1-G20  Gordon 

Crowii  glass. 1-7(kJ  l*nM 

Paraffin.   1-412  1422 

«       1-523  l-ii26  Boltzmann 

Sulphur 1-975  2'015 

Resin 1*576  1-54:^ 

Turpentine 1*490  1-459  SUow 

Carbon  disulphide 1345  1  -O!  1  Gordon 

Air  1-1)(M>295  ll)0021M     Boltzmann 

Hydrogen 1  000132  1-000138 

Carbon  dioxide 1-000473  l*00044i» 

Thene  numbers  although  not  strictly  accordant  are 
>iufticieut\\   ^*^   ^"^  \v\\T\\\\\V  "Owii  <ya\w«ilu.ftiou    that    if  the 
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square  root  of  K  \h  not  tlie  complete  expression  for 
the  index  of  refmotion,  it  is  yet  the  uiost  importaut 
term  in  it;  thus  connecting  very  closely  the  two  fund»- 
mental  constants  of  electricity  iuid  lij^ht. 

733.  Kclatiiin  bt'tweeii  Opacity  auU  CoiictuulivHy. 
— Again,  as  Maxwell  also  pointed  out,  an  electromag- 
netic diaturhauce  if  it  take  place  in  a  perfectly  in- 
sulating niediiun  must  he  transmitted  indefinitely,  since 
there  is  uo  outlet  for  its  energy  and  consequently  no 
loss.  In  a  conductor,  liowever,  there  are  permanent 
displacement  and  conduction  currents  attended  with 
frictioual  resistance  and  a  consequent  dissipation  of 
the  energy'  of  the  original  disturbance,  resulting  in  the 
production  of  heat,  the  energy  being  absorbed  by  the 
medium.  As  the  disturbance  progresses  it  continually 
diminishes,  therefore,  and  soon  becomes  insensible. 
Electromagnetic  disturbances  consequently  cannot  be 
propagated  in  bodies  which  are  conductors  of  electrici- 
ty. Hence  if  light  is  an  electromagnetic  disturbance, 
it  follows  that  conducting  substances  must  be  opake. 
As  a  matter  of  fact,  most  transparent  solid  substances 
are  good  insulators  and  all  good  conductors  are  very 
opake.  Silver  and  mercury,  for  example,  are  good  re- 
flectors l>ecAuse  they  are  good  conductors  and  bad  di- 
electrics;  and  hence  do  not  allow  the  electric  disturb- 
ance to  bo  propagated  through  them  T^ithout  dissipation. 
Perfect  insulators  transmit  the  electric  waves  without 
loss ;  perfect  conductors  do  not  propagate  them  at  all 
and  therefore  totally  reflect  them  at  their  surfaces.  In 
proportion  as  the  conduction  is  less  perfect  there  is 
penetration  of  the  wave  and  dissipation  of  energy  within 
the  medium. 

734,  Conclusf<»iiH, — These  facts,  taken  in  connection 
with  tiio  remarkable  experiments  of  Hertz,  appear  to 
prove  beyond  a  questioa  that  light  is  itself  an  electrical 
phenomenon,  and  that  optics  is  a  dejmrtnietit  of  elec- 
trics. To  produce  radiation,  it  is  necessary  only  to  pro- 
duce electric  nsciUations  of  sufficiently  short  period. 
Lodge  calculates  that  a  condenser  of  one  microfarad  ca- 
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pacit J  discharging  through  a  coil  haviaga  self-iudaction 
of  one  quadrant  will  ^nbrate  157  times  ]>er  second,  and 
will  produce  waves  iu  the  »?ther  19{X*  kilometers  long. 
A  pint  Le\'den  jar  dischargiug  through  a  pair  of  tougs 
may  produce  oscillations  at  the  rate  of  ten  million  per 
second  and  so  produce  mther-waves  not  longer  than  15 
or  20  meters.  A  tiny  Jar  like  a  thimble  may  give 
300  000  000  oHcillatious  per  second  and  generate  aHher 
waves  a  meter  long.  Continuing  thin  process,  we  may  ask 
what  will  be  the  size  of  a  circuit  which  will  give  waves 
comparable  to  those  of  light ;  say  0*6  of  a  micron  or 
(JOOO  tenth.metei*s  long.  Since  T  =27r  V  L(\  its  recipro- 
cal or  the  wave-frequency  will  be  \/2n  VLC,  The  wave- 
length is  tf/n;  or  the  quotient  of  the  speed  by  the 
wave-frequency.      Since   8=1/  ^K^   the     wave-length 

X=  Sn- V -.£=  OOOOa      From  which  it  a])pear8  that 

the  required  circuit  must  have  a  self-induction  in  elec- 
tromagnetic units  and  a  capacity  in  electrostatic  unit^ 
such  that  their  geometric  mean  is  one  tenth  of  a  microu 
or  10**  cm.  This  suggests  at  once  a  circuit  of  atomic 
dimensions  and  indicates  that  those  lethereal  waves 
which  affect  the  retina  and  which  we  call  light  may  be 
in  fact  produced  by  the  electric  oscillations  of  ati>niic 
circuita  An  atom  of  sodium  vibrates  6  X  10"  times  iu 
a  second,  or  five  hundred  million  times  iu  one  millionth 
of  a  second  ;  and  the  range  of  vision  is  comprised  b*^ 
tween  4  x  10'*  and  7  X  10"  vibrations  per  second.  Could 
we  produce  electric  atomic  oscillations  at  this  rate  and 
permanently  maintain  tliem  we  c^uld  produce  light. 
But  this  at  present  cannot  be  done.  We  can  on  the  one 
hand  create  momentarily,  rother-wavea  of  a  frequency  as 
high  as  a  few  millions  per  second  ;  and  on  the  other 
create  permanent  atomic  waves  of  the  desired  frequency 
by  the  agency  of  heat  A  cylinder  of  lime  or  a  carbon 
filament  intensely  heated  emits  waves  of  suitable  length ; 
but  with  these  waves,  comes  a  vast  array  of  other  and 
nseleas  oneft.    Ox^^va^.txl^ ,  Uowever,  light  is  produced  by 
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combustioQ  ;  and  Laugley  lias  showu  that  lenn  than  one 
per  ceut  of  the  euergy  emitted  is  visible.  The  problem 
of  the  ag«  iH  how  to  convert  some  other  form  of  energy 
entirely  into  the  euergy  of  light.  That  this  is  possible 
in  theory,  Rayleigh  long  ago  showed.  That  it  is  act- 
aally  accomplished  in  Nature,  Langley's  remarkable 
measuremeuts  upon  the  ghiwworm  abundantly  con- 
tii'm.  Now  that  the  mechanism  of  the  process  is 
before  us,  it  would  cot  seem  impossible  eventually 
to  create  and  to  maintain  electric  oscillations  of  the  fre- 
quency requii'ed  for  liglit  alone.  When  this  is  done 
the  problem  of  the  economical  production  of  artificial 
light  will  have  been  solved. 
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^H             isioos   of,  34;  dirocUou,   "Hi:    of 

Amount  of  tiow.  171.                              ^^^H 

^M            ffmvily.   incnHtircineiit    of,    105. 
^m             107;    of  irravity,  pendulum   de- 

AMi'fniK.  20,  769.  782.  800;    biwa            ■ 

of.  7y0;   iuleof.7e9,782;  ibeory            ■ 

^V             lerndntitioiiof,  111:  proporiioual 

of  nmgnctisui  of,  802.                                ^M 

^B             to  diBplacvmeiii.  48. 

^Vmperc.     unit    of    current.    595;            ^M 

^m          AccelenLtioiis,  composition  of,  80, 

-turntf.  786.                                                H 

^B              84;  pandlc'lo^rniu  of,  84;  pural- 

Amitercmeler,  Geyer's.  730.                 ^^B 

H             lelopipedou  of.  86;    polygon  of. 

Amperinn  curreula,  804.                      ^^^H 

■              34;  re»olntion  of.  80. 

Amplitude.  47,  58.                               ^^^1 

^B         Accuinulatore.  electric.  763. 

AualysiR  of  romi)n8Jtc  tones,  949;     ^^^| 

^M         Acbromatic  lens,  454;  prism,  453. 

-Hpei'lniin,  455.                                   ^^^^| 

H         Acbromaiiam,  452. 

Analyzi'r.  524.                                          ^^^B 

H          Acouaiic  attmctioo  aud  repulsioD, 

Analy/inc;  »>uudH.  method  of,  250.           ^H 

■              264. 

Anaxaooras,  180.                                ^^^H 

^B         Acliou.  tocid.  759:  mngitelic,  laws 

ANPRKwa.  814.  825.  35S,                     ^^H 

■             of.  643. 

AuoleetHcfl.  388.                                    ^^H 

^m         ActtoDB,  secondary,  746. 

Aneroid  barometer,  168.                       ^^^H 

■         Activity,  01 :  tmii  of.  91. 

Angle  of  coniflci.  20f);  of  repose.            H 
83;    of  renigtHUw.  84-)imuIng'.            H 
85:    of   refraction,  cdllcal,  427;             ^M 

■         Adamb.  115. 

■         AuoiHo.N.  226. 

H          Adbesioi),  200;  of  gnxeh  uud  solids. 

of  refrnclioii  of  prism,  480.                      ^| 

■             183. 

AnoatkOm.  367.                                              ■ 

■         AdiAbalicllue.  846. 

Angular  accolcmitoo.  89.  76;   ac-           H 

H          Adynamic  K^-srem.  790. 

celemiioii.  mumcni  of,  67;   mo-           ^M 

H           Aeoli^tropic  metlitiin.  514. 

tlon  iif  mirror.  410;  veltxrity.  38.          ^M 

^^M 

87H                                       INDSX.                                                  1 

Anion.  741. 

seeomlnry.  486;  of  a  mirror,  415; 

Auodo,  741. 

of  u(»  double  refrucliou.  512;  of 

Anonmlou^  ilisiiersioii,    452;     ex- 

rotation.  3-'^;  principal,  of  mirror. 

U                       P"-' ••'■.3&3. 

415;   secondary,  of  mim>r,  415; 

■                    A»' 

optic,  SIO. 

■                      Apl>'.     :          H;^  443. 

Avit'i'uN  &  Peukv,  433.  573,  755. 

H                      Apinraluit,     vaj»ur    tltHisUy.    Hof- 
■                        tuunu.  31fl:  V.  Meyer.  810;  Uu- 

761.  815.  871. 

.                           nuw.  317. 

RaBBAGK  &  tlKlUiCflKt,,  8S8. 

Appfcmtii*.  inagneto-elcctric  indue- 

BAm>.  vou,  313. 

lion,  84*3:  luccbitDical  t-quivalcnl 

U.\cu,  34^. 

of  beut,  Itowluud's,  34d;  mutual 

Uacue,  68-y 

tnauctiou,  832. 

Balance,  tdcctrodynamic,  797;    tn- 

ApplicalioDs  of   Boyle's  Ikw.  193; 

dnciion,  835;  U>rsion.  589. 

I                           of  laws  expftDsion.  397;  of  opli- 

Ballistic  galvanometer.  780. 

h                       oil  ptinclplra.  466;  of  Inductlou, 

B.v^TIi^T-^  Pohta.  405 

■                       817. 

B.uiM»w.  604.  803.  831. 

r               AiTfl.  ft*i 

Uaronicicr,  ibe.  164;   aucmid,  168; 

^                     AriM  NN.  243. 

foniis     of,     167;     Forlin.     167; 

Aquy«(URimiu(ir.  473;  v«|>or.  prcas- 

Gay  LuftMc,  168;    metikHunMneDt 

un-  of.  811:  vupoi  in  nir,  331. 

beighls  with,  It^;  u»c  of,  in  me- 

An\oo. 5;il.  781.  »23.  law  of.  520. 

teorology.  168;  viuialiou  of.  169. 

Arc.  diiolric..  731. 

Bartuoun.  510. 

Akchimkukh,    136:   priaciple  of» 

Barton.  200. 

157.  163. 

Base  of  priflm.  430 

Arc-lamps,  72d. 

Buitericf*,  polarization.  764. 

^                      Ann  of  a  couple,  78. 

Battery,  fleclric.  505;   svcoDdary, 

■                     Armature,      of      gi'Dcmlor,     842; 

764;*stonige.  765;  voltaic.  757. 

H                        Onimmr    ir!i)g),    843;    Siemeua 

Beam  of  niiHnlion.  406. 

■                           (drum),  848. 

Beats   in  music.  353;  inferior  aet» 

AUKHBNum.  749. 

253;  auiwrior  set.  253. 

Ariivul  curve.  711. 

B(^tB,  pbenomcuon  of.  64. 

I                         Ariesinu  wflls,  lo6. 

BKf'KMANN,  308. 

AniUtial  boi-i/.ou.  408. 

BiitvUfciHEi..  300.  738.  859. 

A-HlHtir  systt'Ui,  636. 

Bkktz.  6r»6. 

Asligmuiiam,  475. 

Bull,  Gkaiia31.  826,  829. 

Atutospberc,    lUo.    163;      electric 

Bpxl.  Louis.  450. 

pli«iiiunenii  of,  tl3l. 

Bei*l  a  TAISTI£R.3ff;. 

AtMu»8pUirir  uU»ctricity.  031. 

Belli's  luUucuce  Macliiue.  5K2. 

Atnndi;  {usKia,  385. 

Bknnkt,  5o7,  581. 

Atoma,  131. 

Benoit.  716. 

AUniclion.    100;     force    of.    100; 

Ber-phblot,  185.  852.  356. 

mi»gn*;lic.  H4I;  in  hollow  apliere. 

Bbrtik,  802. 

U6:  in  Hi>(.'dnl  aises,  115;  of  the 

Bi-ax!al  ct-vstaU,  518;  riug^jTSteu 

curtb,  lOU;  and  poleulifti  eiierj^y. 

of.  529.   ■ 

120;  and  repulsion,  121— acous- 

BiDWKLL. 663.  6fi5. 

tic.  304:  utiivcTNil.   100;  toward 

BioT.  223.  531.  mtr>. 

(l                      center  sphere.  117. 

Btor  lb  Matthiel  1.  113. 

\               Alwooil  inuchine.  106. 

BlOTtSt  bAVAKT.  771. 

\             ArorsT,  831. 

Biofs  polarlftco|)c,  5d6. 

^           Aulouialic  magnetic  recortl.  604 

Bi-prism.  Frtssoers.  488. 

Auxilinrv  cdcle,  45. 

Bjkkk.nks.  265. 

AvooADiio.  183;  law  of,  188,  179. 

BLACUiKN.  308. 

188.  316. 

Blaskrna.  249. 

[                         Axes,  coordinate,  resolution  along. 

Blihiincss.  color.  481. 

L                         84:  principal,  of  a  strain,  43. 

Blind  spot  in  eye.  476 

I^^B               Axis,  crystiillugrapbic,  510;   of   a 

Bodies,  Uoatlug,  168:— equilibrium 

^^^^                cotipk.  "^B,  ot  u  \cu%.  4Slh-,  cX  \s. 

of.  159. 

1  „.„„..,. 

\So^^.-& 

IKDKX.                                             879        ^^M 

ikilHng    iK>iiii,    (-fliiM^i    nftctiing, 

Cantos.  189,  534.  567.  579.                   ^^H 

321:  effect cliemiciil  comiwsiilon 

Capiiciiy.  ahsoliiu:    untt  of.  594:         ^^^H 

uu,  324;  eflfvcl  cohc^iuD  on.  (j*i8. 

c'ltecl*  tnd  notion   on,   562;  clec-          ^^^| 

elTwt  dissolved  air  on.   ;t24;  ef 

irostulir,  562;  for  hcnt.  276;  of          ^^H 

feci    prL>S8Uve  ou.  322;    iioniml, 

cottdeiiHet^,  562;  upecidc  iuduc-          ^^^| 

3l0i  use  of,  to  nu'usure  bekhlB, 

Uve.  571.                                                ^^ 

:e3. 

Capiiliirity.  200;  value  supcrflcial                ^ 

IViiling  poiiild.  table  of.  a21 

tension  from,  310.                                  ^^^ 

liutftHArDUAN,  Lecoqde,  -158. 

Capflbu-y  electrometer,  999;  phe-         ^^H 

Holoiuetcr.  1179.  880. 

iioinenu,  207.                                         ^^^H 

BOI.TZMANM,  573. 

Carcel.  sUudard.  381 .                             ^^H 

Bond,  6H4. 

Canlfw  Tolliueter.  720.                           ^^H 

Ik)KlJA.  111. 

Ciirdinnl  points,  441.                                  ^^^H 

BoKorairs.  (t84 

Uauhaht.  63».  676,  760.                          ^^| 

l^>»K.  578. 

Caknot,  845.  727.                                   ^^H 

l*<>iTOMI.KY.  302. 

Carnot's  cycle,  345;  engine,  349.            ^^H 

Roii^iicr  photometer,  388. 

CAStsuuiiAiN.  470.                                     ^^H' 

Uuurdoii  guiige.  195. 

Ca&hum.  tit)5.                                            ^^H 

B«i!TioNY,  328. 

Cai  ciiY.  134.  447,  465.                             ^^1 

Bovi,K.  100;  Iiiw  of,  165.  188,  190. 

Cautses  niodifyiu^  iuieusUy  Sound,         ^^^|; 

Bu,vle\  Invr.  applioulloDft  of.  198; 

228.                                               ^H; 

coml)inKiioii   with  ChiirJcs'  Inw, 

(*nusiics  bv  redeciton,  422;   by  n-         ^^H' 

296;    VHriiilioii  fniiii.  192. 

fracli«ri;  421^,  444.                                    ^Hl 

BoYh.  103.  oHO.  Wa. 

C'AVENDiHH.  101.  543,  571  ;  experi-         ^^H 

BuAUi.KY,  898. 

mcntuf,  101.                                        ^^H 

BrHdley'8ineth<Ml.  398. 

Cazin  and  Licah,  613,                           ^^^| 

Branched  circuits.  704. 

Cell.   Buiiseu.  759;  Danivll,  75K—          ^^B 

Bhandt.  628. 

eucr^iy  of.   761;    gravity.    758;               H 

BKAHIIEAIt,  470. 

Gr{>ve.  759— energy  of.  702;   Lii-               ■ 

Bhavais,  221 

lfiudc-Cl)ai>eron,  759;  Lccliinche,               H 
75U;  voliidc.  euergv  of,  701.                       H 

BiiKWsTKU.  418.  486.  518. 

Brt'W.-4i<'r'.'*  Iiiw,  518. 

CeUa  ill  diclecirir.  569.                                  ■ 

BnKrr,  465. 

Cell.%  8inndanl.  760— Curlmn,  700              H 

Brittle  boilies,  143. 

— C:lurk.     7flt)-DtiDien.     7«W)—               ^ 

Bhuou\n».  628. 

Itaylcigh,    760;    atomgo.   765— 

Biu;su.    7tt0;    ftre   lump.  733;  mii- 

F:inre.  7«V— .Mstin,  767— Phinte. 

vXxmv.  HH». 

7(15:  voIuUr.  756— wviHtHni.  758.                     | 

BrNHJts.  182.  198.  280.  806.  457. 

Cells,   voltaic,  thermal  cou&idem-                    , 

BntiNfi)  cell.  759:  tilter-piitiip,  196; 

tlon*.  762.                                                         ' 

photoincicr,  888. 

Ccniui'  i.f  buoyancv.  160;  of  ctir* 

Btnt;au  des  Lougiiudes,  220. 

vHlure,  415;  of  dopresBion,  169: 

of  figure,  415:  of  maw,  110;  of 
oscillation.   110;   of  percuRsinn, 

Cabot,  S..  683. 

Caoniard  de  1-a  Tocn.  218 

IIO;  *il' prcwMiire.  155;  of  Buspen- 

CAti.i.KTE^r.  I»9.  319.  616.  716. 

sion,  109;  oplicnl,  486. 

Cali.\n.  832. 

C'entigrude  wale.  27;i 

CMlorfwC(fiice,  424. 

Centimeter  detined.  10. 

Culorific  inten»il.v.  3r)3. 

Centinieter-gniiii  Hecoudtiystcm.lO. 

Cnlorimeter.    Biuiscirs,   280;    ice, 

Chungs*  iu  illreciion  nound  waves. 

279:  I^voislcr  &  Luplnces.  279; 

225;  in  dirwiion  wilhchangeof 

UBcof.iu  mt'iwiirtiig  icmp*'"diia', 

uit'ilium.  405;  uf  energy  by  Im- 

285. 

pjict.  U»;  of  phase  In  reHpclion. 

Calorimetem.  275,  352. 

495:  of  8tlill^,  29H:  of  vulnme  on 

Culorimetricjil  methods,  277;  mens- 

tiisfon,    299.    of    vibraiion-fre- 

urement  of  currents,  719. 

iiunncy.  889. 

I'Hloriiiieiry.  275, 

CliarHcler  of  souml-vibmrion,  318. 

Oilory.  fliimll,  276. 

Churaclerislica  of  the  wthur,  365?. 

Cnmera  obscuni.  405. 

of  the  elocirlc  «|iArk.   617.    of 

Ch&ndir,  «lniidnrd.  381. 

aound-wave^.  214. 

i 

. 

-  < 

1 

H                880                                  /.v/j£X                                          1 

1 

I                      Cbarin*.  ek'i.-trical,  542;  by  iuduc- 

itig  point.  823;  lu  geucrul.  900; 

^^1 

■                           tioii.  5V>. 

li.nnrl      •><«> 

^H 

■                       CburlL's.  liiH  uf.  2M;  coinbiuatioD 

C                   ! ion.  832. 

^H 

■                           witU  tVtylcr's  Uw.  290. 

C                  <;^.  metiiwlof,  UO. 

^H 

1                       Cbomlr&l    aciiou.    beat    uf.   353: 

Cold,  i.ii»du4td  by  cbiiogeuf  slaw-. 

^H 

■                           composition   and  boiling  polut, 

U2tf ;  pruducvd  Ijy  cvaporaliuo. 

^H 

H                           324 ;  eHecUof  nidtuiioti  od.  30!(: 

827. 

^H 

■                             vacrgy,  conversiou  eleriric  iuli>, 

Co].LAi>uN  and  Stluji.  22S. 

^^1 

■                            740;    enerffy,    couvcrsioii    into 
t-Iectric,  752;  energy.  productioQ 

Collcclor.  84a. 

^M 

ColllinKlor.  466. 

^H 

vleriric  from,  752. 

Colloids.  180. 

^H 

Cbeinlcal  einifvabui.  7^2. 

Color.  887.    blindiKss,   481;   a»n- 

^H 

L'heraicttI  reUliuus  uf  lUe  currvoU 

trxsl  of,  482,  contnisi  of,  hftnul- 

^H 

740. 

laoeotis,  482;  contni^lof.  - 

^H 

Obemiiitry.  tbormo-,  356. 

sWc,  482:    of  the   w.up  tr. 

^H 

CuLADNi.  23<*,  287. 

492;     rclntlou  of    viltmiiiMi  tn- 

^H 

Chokf-nmirtu'i,  841. 

ffticnry  lo.  367;  aeu&ation.  479; 

^H 

Chords.  iiujBJail.  240. 

Mtbjyctive,  481. 

^H 

Chroini>sj>hpi«.  4B2. 

Chriiiiiiiiic  ttbemiiiou  of  lena,  454. 

Colore,  corupU-nieut&ry,  aG9. 

IH 

CoLmnrs.  683. 

IH 

CIrclf.  Hiixiliarv,  4'>;  curvaluroof. 

Combined  leuucs,  ftui  of.  440. 

^H 

38:  ut  IfiiBt  cuDfusiou,  4'2S.  445; 

Combustion  <<(4tiiTalcni!>,  353;  t«m- 

|H 

of  refcruiit'e.  45;  osculaliug,  2S. 

pemiurt',  354. 

IH 

Ci»ciHt,    dtytribiilii>n    of  Iwal    in, 

Coniuui,  iulervul  of,  247. 

IH 

7111:    fAll  of   polential  in.   707; 

Commutuiin..    i- r   847. 

^M 

nmtrnviic.   639;   voluic,  energy 

CctinouiiUci 

w^^ 

of.  7tt8. 

CoiiipjL>is,ni  i^                ':muiiuurV 
680:  snrvcyoi  ».  6t>0 

WM 

CirtMiiLs.  briui<lu*d.  704. 

IH 

Clivuita.  iiiHjfiielic.  rlosctl.  784. 

Complenicntiiry  colois.  ::  '.'.i 

IH 

Circular  turreni.  773. 

Composite  lout'^  rtualybis  of.  :i\f 

IH 

Circular  uifilion,  projcciion  of,  45. 

syuttjm:<  of.  240. 

^H 

Ciu'ular  |H>lnn/.atiou,  580, 

Compfxsiiioii  offerees,  74;  ot    i.i 

^H 

Circular  wnvwi.  62. 

nioulc   curre*.    69;    of    (in.  ill.  I 

|H 

Clamnnd  ibcnuoclcctiic   g«uerft- 

forit*!*,  77;  ol    rnlHtii'ii^_    1m     . 

1^1 

lor.  728. 

himpic  Imrraonirmo' 

IH 

Cl*APKVHtiN.  9\. 

uf  uniforni  moliuu. 

IH 

Olarx  biotlici-B.  470. 

form  iiud  vnniibli**lii'                           J 

IH 

CbwaificAiiou  of  wa%es,  63;  of  fd- 

v«locitics  and  acct'U  i                           1 

IH 

ducliouB,  H05. 

Compound  niui;(icl».  ()••:•;                       ' 

IH 

Cl-AUHum.  740. 

132:    mirnwcopp,   4fi8: 

IH 

Clifkorij.  13,  21.6-S. 

K:ope.  magniryiiig power. 

^H 

CoefflHent,  et-f^uoniic,  710.  SSft;  of 

pi-ndu)tim,     108:     and 

^H 

1                     ^        conductivity.   334;    of  friciioo. 

waves,  210;   -wound   tanc\. 

^M 

H3;ormMRU«'ticinducti»u.tt50;of 

850, 

^H 

inagnclic  ftUHocpiibilily.  65&;  of 

Compn'«wiblHlv.    139;    of    thiid*. 

^H 

rt-'MJliitioii,  146;  uf  .simple  rii*i(l> 

180;.  '           '■"\  of  liquids.  189. 

^H 

by.  im»;  of  wtlnbility.  3U3;  of  sclf- 

Com)  It                    t 

^H 

bHhtrtiou,  814. 

Comvtw    ^'.  1  mi:.".,  506;   letw,  485; 

^H 

CoefficienU.  cxpiiiisioii,   2J*8;— ap- 

ndrrur*.  virliial   f<H:i,  417;   »ur- 

^H 

Iiarenl,   20*J;— iiicrwiso  of.  with 

face.  rrflocling.  415. 

^H 

lempcnilure.  2W; — Increaac  of, 

Concbuinition  of  solutions,  908^ 

^H 

table  of.  294;— of  Hquids.  291;— 

Coot'ord,  245. 

^H 

meosunineiil  of.  290;— table  of, 

Comlcnswl  aurl  rarefied  wavf 

^H 

yOl;— of  gri.^^.  29r>;— ixml,  292;— 

Conilcaser.    ciu-rgy    cjiiwrnl 

^H 

vurialion  Willi  Icmpvralurc.  291. 

clifirgiug,  566. 

^H 

(.^ucfHrienls,  vulunio  ntui  ]H-vsgure 

Coii'lrMscn?,  562;  cApacitv  ol    '•'•-- 
Coudjtiou  of  omorgcDcc  mpiiaiit*. 

^H 

of  j?ase8.  table  of,  296. 

^H 

Ooerr.il\vc  fo\cc.  <W". 

4:«. 

i 

Cohc8i»n\,  ASTt;  c^vnX  ^\,  ftu  \»cM. 

C(^\\v\\\vtR»  of  equilibrium   of  * 

L 

1 
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particle.  79;  of  equilibrium  of  a 
rl^id  body,  61;  required  to  (Jfv- 

«liu'('  a  Kp'urk.  614. 
Cumluctiou,  discbargt;  by*  607;  of 

heal.  yaa. 

Conthictlrc  discbargc,  007. 

Ccii(iiiclivity.  und  upiioily,  873; 
npnllrulionsof,  838;  ciUorinieiii- 
cuf.  333;  cuIoriuiBtricttl,  covffl- 
(.'iL'nt  of,  334;  melliod  of  measur- 
ing'. 335;  of  bent,  dctlnillon  of, 
330:  uf  liquidKiiiid  uusei»,  337:  uf 
liquids,  tabic  of.  337;  reiitlive, 
3»0:  relative,  tabluof.  330;  ibcr- 
moiiietriail,  333. 

Conductor,  energy  expended  in 
chnrgiiig.  5.'j8. 

Conduciorj*.  disirlbnilon  on  two. 
548;uud  uoucuuduLiors,  533;  In- 
fluence form  of.  545.  poinirtl,  ef- 
fect of.  647;  rise  of  lempemlure 
in,  716;  surfucc-disLribuiiou  ou. 

ConjngHte  foci,  416;  foci,  convex 

Ien«r9,  438. 
Confiequeiit  poles.  630. 
CouHcrvuiiou  of  energy,  4,  99;  of 

Uliillrr,  4 

ConsoDancc.  220. 

Consunnul  ttotinda.  258. 

CouMBator.  329. 

CtHaalant,  dieleetHc,  570:  diclec- 
Iric.  table  of.  573;  of  galva- 
nometer, 776;  eolar,  358. 

Constants,  of  Ifgbt  waves.  868; 
mitguctie,  668;  of  terrestrial 
uuictielisni.  095. 

CohHtittiiJou  of  matter  In  gaseous 
Blnio.  133. 

CoDlncI,  aiiirle  of,  206;  law  of  suc- 
04Ksive.  755;  mngnetiziitinu  by. 

^'.M:  thod  of.  G74;    purentinl- 

diffeic'Qceof,  730;  ntit**nl.!jil-dif- 
feiouce  of.  table  01,755;  Hiries. 
Voltft'M.7a4,Vollu'8lbeoryof.75'^. 

Continuity,  law  of,  175;  of  gaseous 
and  Ifaitiid  siateft,  314. 

Continuous  electrophori,  581. 

Conlriicletl  vein.  171. 

Convection,  338;  npplicAtious  of, 
339;  ciUTpnts,  coolinj?  by,  341; 
electric,  549:  Iniusferuucc.  740. 

Convergiug  leusea,  principal  fucufl 
of.  437. 

Conversion,  chcmicnl  into  electri- 
cal energy.  752;  current  into 
beat.  7I3;'elecirie  Into  chemical 
eniTifV,  74U;  luiil  into  work,  844: 
uieeliunical  eucrgj'  into  heal.  341. 


Converter.  840;  coefnctenl  of  Irnus- 

fornmtI<H)  of,  84" 
Convex  bn>.  4;ir>.  mirrora,  vlrlnal 

foci,  418;  surfiice,  retlccling.  415. 
Cooling   by  convectiou  currents, 

341;  Taw  of.  387. 
Co-ordhinic  axes,  resolution  ulous. 

34. 
Comets,  242. 
CoRNu,  102.  367. 
Cosmical  sources  of  heat,  357. 
Coulomb.  539.  542,  546,  548,  642, 

673. 
Coulomb,  unit  of  quantity,  595. 
Couple,  arm  of  a,  78;  axis  of  a,  78.. 
Couples,  78. 
Crew,  464. 
Critical  angle,  427;  pre.ssiiies,  819; 

state.  314;  temperature.  314. 
CnoNSTKDT,  6;i8. 
CiiooKKs.  135.  198.   199.  305.  488, 

838;  layer.  329.  397;  tubes,  199, 

838. 
Cuoss.  244. 
Crova.  380. 
Ciyobydnac.  307 
Crystalline  lens.  472. 
Crvsiiilli^iiiuu.  a04. 
Ciyt-itiiloidB.  186. 
Crjstuls,  biaxial.    51S;    uecative, 

613:  positive.  513;  uuiuxid,  613. 
Culinary  paradox,  322. 
CCUMTMO.  731. 
CuNEUS.  564. 
Curreat,  alternating,  818;  chemical 

relations  of.  740;  circular.  773; 

direct,  806;  energy  of  the,  706; 

fitld,  770;  field,  ini»?uMty  of,  771; 

induction. 805;  induelioo.law  of. 

800;  inverse.  tWO;  muguetic  rrlu- 

lions  of.  768;  maximum.  Inw  of. 

707;  production  heut  from,  713; 

phMlnetion  light  by.  T.'O;  produc- 

liouof.  froinliLal.726:  Htrengtb. 

099;  thernial  relations  of,  713. 
CuneniH,  timntM-iau,  804;  dynamo- 

elcctrie,  800;  electric,  «98;  equiv. 

nlence  of,    and    umguets.    783. 

Foucnult,  823:  fusing,  table  of. 

718:  induced,  of  dilTeiL-nt  order*., 

8'J4;  inducinl.  direction  of.  AOtt; 

induced,     mn^nlttidc    of.    807; 

nmi;tictiKnilon  by,  785;  nmgnelo* 

electric.  806;  nuilviHlly  induced, 

806;  M?lf-induced.  806. 
Curvature,  center  of,  415;  of  cir- 
cle. 28. 
Dirve,    barmouic.    49;— equation 

of.  01 :  uf  slnei.  53;  sinusoidal.  08. 
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Curve*)  surfiuies^   rcflectluu  from, 

ergy,  celU  of.  569.  polarUatioa, 

41S;  lefmeUoD  liu-ouglt,  435. 

56rt;  polartzatioQ  of  the.  573. 

CurvfS.  baniumfr,  ooiiijvosiiino  of» 

Diesis.  347. 

50.  of  mngut'tiMlioa,  (KM). 

DilToteiicc  toue.  254. 

Ciirvilini'iir  moliou.  31,  37. 

Diffcruncrt  iu  absolute  eyitCRu.  »: 

Cdthbruthun,  &80. 

in  wuuU8,  313. 

Cyclf,  CBrnol's.  »4fi. 

Dillerentiol  arc  lamps.  728;  refrac- 

Cyclone. I6a. 

tion.  4.11. 
Diffracted  he;\il,  in                 "   "   : 

D'Alidard,  621. 

DiffraciioD.  64.  4^: 

Dalton.  190. 

504;  of  souud,  i^ .    -j-vv  L. .».  utH*, 

Dalion'a  Uw.  81S, 

through  aAlit.  501. 

Dompiag  efl«a  of  induciiou,  833. 

DilTusioo  of  gases.  180;  of  liquids. 
185;  membrane,  187;  of  radia- 

Dakiell, 75tj. 

Daiiiell  (»U.  758.  760. 

tion.  414. 

Dauiell's  hygroraeler,  330. 

DiiTuhivitv,  thermal,  838. 

DatJi.  rnolL'cuIiiv,  tnhle  of .  180. 

Digester.  itiSS. 

Daw.  H..  2GD.  721.  801. 

Dimensional  eauations,  11. 
Dimensions  of  derived  iinils,  11;  of 

Debuscopc.  418. 

Dcclinai  on.  timgnetlc.  682;  rooaa- 
ureineut  of,  o83;    vftriatiuu  of, 

8|)ec(I.  32. 

Dip.  umgueiic.  086. 

684 

DireiH    meiuiircmeot.    13;    viiiion 

Dertfcliou-nmhrMls.  647- 

pri^m,  453. 

Deflec'lioiiB.  metb<Hl  of.  691, 

Direction  ttccelemtion.  28. 

DcKrwjs  of  freedom,  87; — of  rota- 

Direction  sound-waves,  cban^Iu. 
225;  of  induced  rurreuts,  W6. 

iiou,  40. 

Dti  \n  liivc's  iintf,  78B. 

Di^^bftrgc    by    conduction,    607; 

DKI.A  lU'E.  015.616. 

conductive. 607;  disruptive.  607, 

Deliaity    of   spectrum   reactions. 

611;    electric.  bru.sb,  617;    tUr- 

457:  of  vision.  478. 

trie,  dark.  618:   electric,   r:  'v 
618;  sp»irk.  611,617.— o»cil;..:..' .         1 

Dcufrity.   66;    tIefinitioD    of,    163; 

k 

electric,    liiifjir,     542;     cleclHc, 

clmraolef  of,  613. 

■ 

suifaco.   543:    eleciric.  volume. 

Discwd.  345 

1 

642;  of   gases  Hurl  vapors.  316; 

DUk.  Fnraduy'8,  820 

1 

of  gases  iind  vujtors,  absolute. 

Dispei-viun.  ^47;   itnomitlotH    463: 

1 

815;    of    gKStiS.     luble   of,    i}15; 

exiK-'rinumliil   measurement    of. 

1 

mtipieltc.  638;  melhods  of  deter- 

455:  iniitioualilyof.  453;  partial. 

■ 

rainiug.  162;  of  vaporb.  inble  of. 

453. 

■ 

ai7;  of  water,  maiiiTiiiin.afta.34<). 

DisjKTMve  p«:»wer.  461. 

■ 

Dtpresslon.  cculcrof.  160;of  frt-LZ- 

Displncement,     46:      acceleration 

■ 

ing  |M>int,  molt'culnr.  30H. 

propurlional  to.  4^.  ele<:tric,  574. 

■ 

Depth,  fluiii  prensui-e  proportiooal 

Disruptive  dis<harge.  607.  611. 

■ 

to.  158. 

Dissiiwiiou  of  energy,  859 

Derivi'ij  units,  tUmeasinns  of,  11. 

Disw^ntince.  tln»i»rv  of,  3S9 

■ 

Df^Bi-RETX.  243.  305. 

Distance,  |>erceplion  of.  484. 

1 

Dfvlailoii  byrofractlou,  480;  mln- 

Distillniiou.  3l». 

■ 

itiiiim,  431. 

Distribution  due  to  rrpnlfrion.  MA; 

W 

Devii-lk,  184. 

electrical.  542:     ^       ' 

Dewau.  fun. 

lerminution  of  i 

Dew  point.  829. 

heat  in  circuit.  7;^..  .-..  .^w  ^,,u- 

I 

Diagiaui.iufthod  of  computing  cu- 

ductoi^,  548;  surface,  on   coo- 

1 

er^'V  bv.TSS;  ihenno  electric.733. 

dncior*.  .'i43. 

1 

Dialysis.  187. 

Disturbances    in     ebtstic    media. 

1 

Diamagnotic  nubstHoceH.  639.  677. 

pi-npagalion  of,  145. 

1 

Dinmngneiism,  077. 

DOUBKAH,  831. 

i 

Dielectric.  588:  constaut,570;  cou- 

Don  KIN.  33t> 

Stani  aad  refraclivc  index,  871; 

DON.NV.  324 

ronsl(vii\s,  \n.\>\v'  til.Ti;^;  i:\ttV(v 

Double  image  prisms.  538, 

r    i  • 

ficaiiou  res\de\U\\\  vUi;,^*ft,  tw 

V^\^^\VV.  \Av.\V\V^  MO;    ?lliisof  DO. 

I    1 

^ 

iimsx. 


61'2;  change  of  iotensity  iu.  517;  ^ 

pht'Duiiieaa    of,    510;     polaiiza* 

lion  Uy,  522. 
Uoiibler.    ticnnet's.    581;    Nicbol- 

sou'»  revolvliifl:,  582. 
Dotihloi.  Wollaiiou's,  4*17, 
I)(jvK.  486. 

liKAPKH.    n..  470. 

Ohai-ku.  .1.  W..391.  504.  720. 

Ukion.  'ifto, 

DiR'iiUiy,  187. 

Df  Kay.  5H4.  586. 

Dtiponi.  a05,  a24. 

Drw»N«,  L*'J5. 

UcLt»N«  &  Pktit.  aa^.  341.  887. 

Dtimtion  of  sparU,  012. 

DVOKAJi,  254. 

DyunmU'A  65;  ilrtiiiilioD  of.  65; 
subdiviBioiitt  of,  65. 

DyimmoelcciHc ciinvDU, 806;  In- 
diioiinn,  811. 

DyoHimt-t'lectric  niathiuea.  alter- 
Hilling,  H41t;  coinpouiiil  woiiml, 
85in  Uii  Mcriicns.  835;  Kai8*ni. 
848;  K  M.  F.  of.  caU-ulntion 
of.  851 ;  Ommine,  843. 848;  mode 
of  oiH-nitloM  of,  843;  series,  85(); 
«huiil.  85<);  Sieinentt.  842;  Slau- 
ley-Westiughousc.  840:  typical 
formic  uf,  847. 

Dyimiim-!.  ecoiinmir  cncfHcient  of, 
868;  tMUieiK-y  of.  852.  i-ffideury 
of.  fxii-riiiil.  852;elHri('iu;y  of.  Uw 
lal.  852;  efBciency  of.  useful.  852. 

Dyne,  unit  of  force,  69;  •coutim- 
Gler,  80;    -aecoDd,  70. 

Kar,  strurture  of,  259. 

Karth-indnciion,  811. 

Esriti.  mH>rneii«iin  of,  679. 

Enrth'd  lUiraction  In  ktiieiio  units, 
108:  Held  ou  inagnulie  tield,  646; 
magnetic  tleld.  670;  maf^netic 
Held,  force  tiirexMive,  681;  mag- 
Dciic  field  not  unifotm,  682;  mai;- 
netiam,  llirories  (jf,  601;  magnet- 
itim.  munietu  of.  690;  Hiiiface, 
vuiiution  ifrnvity  ou.  104. 

Ebuliiiion,  laws  of,  :t20;  poiul  of. 
810. 

£olio«,  326. 

Economic  loefficioul,  710,  858. 

£t)Kii,  805. 

£<]ee,  refmriing,  of  prism,  480. 

Kdi»<)N.    263.    724.  72U.    759.   830. 

L858;  mni'hiiie,  M48. 
Ellison    system    uf   lig-titing,    725; 
tl tree  wire  "lystem,  726. 
Eflccl.    Hall.    864;    i'QlUcr.    T8S; 


of  [>ointed  cotiduolors,  547;  of 
tem]>eniiure  ou  mdlaliou,  372; 
TliuniM)!!,  7.10. 

EfTct;ts  of  lieiit.  287. 

Efficiency  of  dyuamos,  852;  graph- 
ic reprtseriiation  of.  H55.  maxi- 
mum, law  of,  709,  855;  of  heal -en- 
ginej4.  'MH.  nuliaot,  386;  Lotal 
and  useful,  852. 

Efflux,  speed  of,  170. 

Efftiflion.  181. 

EtioKOKK.  392. 

Ela.«li('  bodies.  21.  41;  limit.  143; 
me<lia.  propaj^tioo  of  dinlurb- 
niici'8  in.  145. 

Elasllcify.  188;  coefficients  of.  142; 
eleclric,  575;  futigue  of,  143; 
of  fcmn,  188.  of  volume.  138; 
oeci  I  laiionfi  produced  by,  144. 

Electiic  action,  law  of.  589;  arc, 
721;  ballory,  565;  currenlH.  «9S; 
dlBclmrge,  speed  of,  600;  dls- 
rbar^e,  oscillalory  eliaracler  nf^ 
613;  displiLniiieni,  574;  dlatrlbu- 
lion,  54*:!;  elastirity.  575;  rnergy. 
converKioli  fnti*  rhrmirul,  74U; 
energy,  production  of,  fi-om 
chemical.  752;  Ilow.  608;  light- 
ing,721:  motors.  858:pbcnouiona 
of  atnu»Mpbere,  621;  pulLiilial  at 
poiin.  551 ;  Hfrie-*.  5;<5:  8t)tnk. 
cbaraclerwtics  of,  617;  lenMim. 
570;  theory  of  FrnnUllu.  537; 
theory  of  Symmer.  587. 

Electrical  airlbermoinoter,  005; 
charge.  542;  conveclioii.  540; 
Held.  551;  nuiobine.  578;  poten- 
tial, 5;t9;  quantity.  601.  qiiiuili- 
ty,  thermomctrlc.  m<a»iiieMiint 
of.  vm  ;  radiation.  865;  theory 
of  magnetlKation,  057;  work 
and  energy.  550. 

Kleclriciiy.  5«S:  ulmo»pheric.  621; 
namre  of.  .'176;  relation  4if  to 
light.  857;    tip<*cillc  heal  of.  7:50. 

Eleoirics  and  noiiclectrlc«.  o^Mt. 

Elecirilieaiioit,  588;  n  form  of 
energy.  550;  and  magnetisa- 
tion. 676;  induced,  amount  of, 
668;  miwIfTn  throrv  of.  5HH;  na- 
ture of,  .%37.  negative,  684.  jHWii- 
live,  VI4;  re<i{nnii»,  534;  naident 
in  dii'hciric,  566.  ihermo.  726; 
tranarerenee  of,  u08.  two  kinds 
of,  1^84;  unit  quantity  of,  541, 
vitreous.  584. 

Elect  ro^hendcal  0(juiVAlent«.  743. 
table  of.  740. 

Elect  nxles.  741. 


Si^4 
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G1iM:lrcKlyDHinic  bal&iices,  "96;  ro- 

liitionK.  706. 
Klcutnxlynuuiicf^,  TbC,    principles 

of,  78(i. 
Ele«(rixlyuuiiioinolrrs,     7M;     Sie- 

nicu^  jb    Hulskr.     TWO,    Wvbcr. 

Elect  rukinetJc  energy,  eoiiveriiion 

iiilo  ihemlcal  eneri.'y,  740;  iriina- 

fiHtimliuii  (tf.  7i:t 
Ki.  .■i...i-:....(if  iiiiliM,  700. 
i;  !ia*.  eo8. 

K  741;    Inws    of.   741; 

1  Ik-oi  V  cf,  748 ;  work  done  in,  730. 
Eli'Cli*oI>ies.  741. 
Kiftin»in»;;n(  Ik'rlirtni'  "i  i- 

liou.HOT:  rttliilioiior  i 

lulions,  799;  syhlcni  im  >ut  n>.  ,  '*^, 

Ihcory  of  lii:ht.8tt9;  units,  c«m- 

imiu^ii    uf,    witli    t'ltiiriHlntii', 

«70. 
Kleetmmn^nictiBin.  768. 
Eleuironmgiivle,  781. 
Elpfironictcr,  (^nillury,  500;  dUu 

rliar^'ttf^.  Tonics  UOt :  qiiudrAnt, 

595.  597.  Tlt<(nit»nii.  51*5. 
Ek'cUoinvli  rs,  59"i:  iibsMhile.  59^); 

nltnit-lrd  disk,  595.  licteroKtHlic. 

505;  idinstutic,  595;  lung-rangf, 

595;    poi'lHliU'.    595:    ie|>ulbUm, 

595;  syintni-lrii-ttl.  595. 
Eloctromolivu  force,  60t:  cniviila- 

tiuu  of,  of  dvimniu,  851. 
Eli-nm-optic  anion,  861;  law  of, 

Hrtl. 
Eltrtropliori.  contitmouB,  581. 
Eleclntphui-us.  5(K). 
KIt'clioscoiw,  ifold-letif,  557. 
Elcctroscopic  gaiig-i-,  602. 
Kk-clroaljktic  und  elei'trumriguctlc 

tiidis.  H70. 
Elcctnistuiif  wipaciiy,  563;   genv- 

iTtlurs,  'riiouiM)!!,  C^2,  indticUutu 

S.h'i. 
Ele(Mro8l4itir      in»ttruuietils.     678; 

plietiotnouri.  007;  pjionlinl.  unit 

of.    551;     hlix'ss.    861:    null    of 

ipmntily.  541 ;  iinit»  of  nieiuiure- 

nu'nt.  59:V  voltinHrr,  5frtl. 
EIri  tio>.liitiL^.  5;{;t:  luutiof.  56(K 
El«!ini'nl:iiy  nnilliT,  18'^. 
£lfincnt«.     V^l;     nirij^nelic.     682: 

new,  by  Apcctruni  aunlysiii,  458; 

of  u  force,  74. 
Enii»'Old.  rtimiii,  44. 
Klliplical  iKjlnriMilioH,  526. 
ElJ.iB,  244.  24t<. 
Eloni:^»lUt»,mu\\m\vin\\Cttj\V,\^«,4ft, 

imiMiuuvu  posuS^*  ,  \^ 


£uiere«ncc,  cooditioa  of,  in  t^v 
4«3. 

Eniistiiou  of  mdintiou,  ; ' 
ive.  a85;  -siH-cim,  c<i  < 
qiiirt-d  to  product?,  4.> 

Eucuuuler,  uiolvcuUr.  177 

Endullicnuic  nactious,  856. 

£ncri;v.  8,  88,  62;  idiiuiirt^  i>f-  ttr 
imj«cl.    149;     .         .        ■ 
wrvalion   of,    J 
cheiiilenl  iiiUM-iv  .. 
vcr*>iou  ek'clrioul  In! 
740.  conversion  inc  .  o 

henl.  841;  dcHiiilion  o(.  4.  '.* '  i- 
Hil«tiou  uf,  ;ViO:  elixMrllit^.u  'U  u 
foruiiif.550;(*lvcirokiiivlic.lnuifc' 
rurnmllon  t>f,  713;  expendrd  in 
L-liiirgttif;  conductor,  558;  lu 
rlmijrin!7<'ondon>*'r,  5«6  kimtlc, 
98;  kinetic,  miiifturenicdi  of ,  Mi 
kiiietio  nnd  poteniiul,  relnliou  b^ 
iweeu.  94;  loss  of .  by  mdiatlon, 
887;  ningnctir.648:  Diole^uliu  ki- 
netic. 269;  of  lether  flow.  fi9H;  of 
rctber  slre.ss.  588.  of  wlber  »i- 
bniliou.  305.  of  a-tbvr  vorlices 
028:  of  mti£;DelizaLion.  G54;  of 
nia»)-vibrtitiou.  212;  of  ibe  cur- 
rent, 708;  of  the  i^emliibim,  110; 
(ff  radinliuu.  871 :  of  lorntion.  97; 
of  wxnid-vihmtioii.  5'15;  "f  rot. 
lair  cell,  701;  (*f  vd  ii. 

7Cii;  (Mitculiftl.  98;  i  d 

nltrnrtion,     130;     r,  <5; 

lefiuL'iire,  435;  refi  .  -»^i. 

lule.  485;  rofincliv.  .  i  jic, 
□loleriiliir.  485. 

Eaerg;j*,  i*olar,  origin  cf.  WO: 
terrestrial.  s<)Iar  ori  'J. 

of  tltenuo  current,   :  d 

of  conipiiling,  71*8.  iutn-sirmw) 
of.  95;  iniDsfonimtioua  of,  96; 
Turielics  of.  98. 

Engine,  Krksftou's  aolnr,  d5d:  ft- 
versibbi.  845. 

EpiK-b.  4H. 

1C4|  mil  and  unlike  pnmllclforrrs. 78. 

EqiitiliuuH.  dimeniiiimHl.  1];  of 
biirmouic  rurvcw.  51 .  of  iinlfortn* 
ly  uo<-elcr«twl  iii'iiiim.  36. 

EipKilor.  MiH^'helir.  089. 

Eqnillbiiuiii.  79;  condiliitis  nf.  In 
nmgiiclicticid,  078;  <  if, 

for  a  ikariiclr.  79;  *  <  ..f, 

for  '■  'v    HI;    iuilillt-ieni, 

lUl.  103;  kinetic.  TV; 

Ilquiit.  i.<.',  I'iiilil,  jin -■  ■  ■  ii-^^ 
200;  of  floutinir  Inwi:  :ji- 
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EqiiipolonliHl  surfftces,  125:  olec- 
tric,  5'>!J;  mtignetic,  649;  mug^- 
ut'tic,  due  lo  two  poles,  052 

10<iuivnleuce  of  curreiiUaiid  mn^- 
neU,  783. 

l-^iuivuluul.  cbemicttl.  743:  ulcoin)- 
clieinirat,  742 — tiiblc  of,  740; 
irnmi-.  74:);  mochaniciil.  of  liwit, 
"t4l;  watcT,  uf  calorimeter.  281. 

K<|tiivaleiiU,  combustion,  ^i. 

Kri;,  unil  of  work,  88. 

Kri[;-leo,  89. 

Kricsaon's  solar  eDginc,  8*58. 

£UCL1D.  232. 

KuiJtii.  245,  4')fl. 

Kvnpuralio]].  300;  into  uir.  312. 

£wiN(i.  (Hid,  eo4. 

ExclinngcH,  thcorv  of,  87S. 

£xiitl)ern)ic  renoJoiis,  353,  350. 

Exi«ui»ion.  287;  nppdieiil,  292; 
npplicHlion»  of  liiws  uf.  297. 

Sxpunsiot)  -roeffiricMtN,  288;  In- 
creutw  of,  with  tt^mpemture.  3U4; 
iucreabc  of,  willi  temperature, 
tnblu  of.  294;  liiieiir,  289;  me»s- 
uitimeui  of,  200:  of  liquids,  291; 
table  of.  291;  vnriiilioii  of.  with 
lemperalun*.  291;  voliinu',  280. 

£xpAusiou  factor,  280;  -nitileni,720. 

£xpausion,  non-iso(ropic,  291;  of 
g»s6«,  29fl— measiiremenl  coeffl* 
cieut  of.  205;  of  solitU.  288;  of 
water,  aiiomrilons,  29ti;  real,  893. 

£.<cpeiimi'iir,  (.'avciidlKli,  lOl. 

Exi>crimeiiiul  dilerminalion  foci 
mirrors.  -110;  inriwurvincni  dis- 
IH;rsioii,  45o,  }<pred  of  suuud.  220. 

Expcrimeat«  of  Hertz,  86U. 

ENtni-curreul.  814. 

Eye.  the.  and  vi.sion.  472;  blind 
8poL  in,  476;  cbromutic  uberm- 
lion  of,  475;  reliuH  of,  470;  ixkIs 
and  cones  of.  475;  s[)her1cal 
nbernilioii  of,  474;  yellow  spot 
ill.  470. 

£ye-pi(?ce.  Hnygbcu-s  4flH:  ricgn- 
live,  408;  po.sitive.  408;  Rams- 
deu,  408. 

Fall  of  p<iteniial  iu  ii  circuit,  707, 

Ftiriid.  505. 

Faraday.  289,  801,  819.  328,  :I29. 

534.  San,  .543,  550,  .559,  571.  57«. 

Oil.  010.  017,  018,  741.  800.  805. 

813.  820.  H23.  H57. 
Faicmkk.  Tif<,  850. 
Fnili,nic  of  flusiidiy.  148. 
Faitue,  7«0. 
FAvnii,  1««. 


FWRK  and  SfI.HERMASN,;J52. 

Fia>i>KK>«KN.  012.  013. 

Fermai.  law  of.  408. 

Field,  current.  770;  earlliV  and 
maKUeiic,  (MO;  elcclricul.  551, 
507 

Field,  ma^uelic.  030;  furue  in.  081 : 
iiingncliziilion  by,  038,  nieA.sure- 
iiiCMl  of.  812;  of  enitli,  070- 
iioi  uuifonn,  tiS2;  iniifuriu.  0.'t5; 
variable,  035;  variiuiou  of  |M»lcn- 
linl  in.  649. 

Field  of  force.  127:  of  mirrur,  415; 
produced  by  miigneiic  |»ole.  (M4 
—by  iwo  utaffiietic  pole^*,  645; 
Icrrfsiriul,  elemenis  of.  082. 

Firiii.  interval  of,  240 

Figure,  center  of.  of  niirmr.  415. 

Filumeiit.  incaudebceiici.-.  '«24:»ole- 
noidnl,  007, 

Film.  liquid,  prcasutv  prcMlucfsl  by, 
205. 

Filter-pump,  HnuseiiH,  198. 

FiZKAU,  890,  832. 

Flzeau'd  method,  ^JOO. 

Flattiugn  note,  248. 

Flkmino.  700. 

FIoAling  iMKlies,  158;  (K|uilibriuni 
of.  159. 

Flotation  io  liquids,  hiw  uf.  158. 

Flow,  amount  of,  171;  eleciHc. 
008;  of  lifiuidK  in  Lubi^.  172; 
stream.  175 

Fluid,  debniliori  wt  u.  149.  pres- 
sure pii.)purtiouid  to  deplli,  t5it. 

Fluids,  comprciisibility  of,  188; 
general  and  Noeeial  prn|icrtii'8 
of.  151;  kinetic**  (if.  170;  niif 
bllltyof.  131;  proiHirtieK  of.  149; 
statics  of.  151;  under  action  of 
gntvity.  IS8;  upward  pteftsuie 
ill,  l.-W. 

Fluorescence.  309. 

Foeal  leugth,  e.\|K*riil10ntiil  de> 
terminntion  of,  410;  plnnt»,  442; 
poiut<i  of  lens.  441. 

Foei,  of  combined  lenses,  440;  v\- 
periinentnl  iletcrminHlIoit  uf. 
419. 

Fori,  virtual,  of  concave  unnor*. 
417;  of  leuKCH.  44t. 

FocuR.  2W;  conjugate,  410;  prin- 
cipal, of  mirror,  415;  rwl,  417. 
virtuid,  418. 

FoititKi*,  335 

Force,  action  nf,  Iti  producing  ro- 
iHtioti.  70;  (iK-niiivc.  037;  deO- 
nlilon  of,  08;  dlmcnidonA  of  uufl 
of.  00;  cleciroQiottvc.  56L;  o.W- 


^^^^^pe                                        ^^^^^^H 

^^m                   mflDUof  a,  74;  Held  of.  127;  tm- 

Function .  pirimlfc.  4C.                   ^H 

^^H                    pulse  of  ft,  09,  70;  iu  mngaetic 

Fumiametttol  uniii*.  values  of,  1(1 

^^1                    noM,  IMl;   Hunt  auiI    IuIm-s  of. 

Fusing  cunenu,  lablc  of,  718, 

^^H                     126;    riiH>;ii(.'(ic.    HtiOM   of,  033 — 

Fusing   I)oint,    elloct   of   pr\-«sun^ 

^^^B                     flow  of,  *K^^;    moineut  uf  a,  76; 

on.  301;  of  laixlures.  3U7;  pft*- 

^^H                                   ni-ld  of.  551;  portulfve. 

8UIP.  3fl9. 

^^H                                      vc  Hiiil  uegftiive,  121; 

Fusing  poinU.  table  of,  899. 

^^^^ 

Fusion.  1*0H:  ]aw6  of,  299;  c!i;u.L'r^ 

^^B                Fi^ftcut.  uutiiLNMiliou  HDd  reauluiiou 

volume  on.   299;    lieai    i.: 

^B 

on.SOSi  of  wires,  608;  U- 

^^H                 Foreis,   puiullcl.  coiniKisUion   of. 

ture  of.  717. 

^^H                    77;  rcftoliitiou  of,  77;  e()ual  luid 

^^^                   iiitllkr. 

Gami.eo,  114. 

^^B               Fork,  itmin^r,  o,srt. 

GnMleo  leleficojw,  471. 

^^B                  Kurui    of    iL'tliff    moliou,  370;    uf 

Ouilery,  whispering,  226. 

^^H                     ooiiduclor,  JDtluennL-  of.  545. 

Galvauonioior.  Hb)»MUile,  776;  bcil- 

^^H                Forniniinn   uf    imnges   by   leuscs. 

lislic,    7^0;    roiisliinl.  77tf:    l)e- 

^^B                    44»:  of  HtmilowM.  404. 

pi-ez  d'zVrsonviiI,  778.  -lirld,  uni- 

^^^1                 KortitK  of  tmiutiiflrr.  107. 

form,  777;  -meaMirciueiits,   775, 

^^H                  Forlin  buroiiii'lfi-,  107. 

optical,  802.  redunimi  fn<  t 

^H                FoATKU.  4H2.  4H4. 

776;    rellefMiuLv    777;    nii- 
taugent,  775;  Tbouison.  77.". .. ;. 

^^^^H                 hV-"<<'<            :»M»,  427, 401.470, 

^^^^1 

Qalvftnomctric  mode  of  uicairurfng 

^^^H                                              "ler.  388. 

potential.  780. 

^^^^^^1                 Kuutuiulln  molliixi,  nil9. 

Gamukv,  823, 

^^^H             ForitiKtt,  11 .  fut.  Si\4. 

Ohs,  detintiion  of  u.  818. 

^^^^M                Fouiktr's  ihcoiA-m,  2m.  241>. 

Gawous  stiiK'.  tiinplidiy  of  mniier 

^^^^H                 Fourth,  ink'ivitl    of.  246;  »ttil«   of 

in.  18S;  and  liquid  slatox.  cou- 

^^^^H                     mntUT.  19H.  saif. 

liuuity  of.  yi4. 

^^^^^1                 Foveti  ceiiirnlis,  470. 

Gaws,    ultHoluie    dfUsity    of,  315; 

^H                Fnankus.  is  .  5»4.  r>m,  M3.  544, 

adlit'siori  of,  to  solid*,    im-:*    iriMi. 

^H                     550.  5.'>7.  500.  578.  621. 

pretiPibiHly  of.  190;  > 

^H                 FuANKUN.  Sir  .1..  l)»8. 

perHUiresnf.  819;  t  r 

^^^^^H                Fmtikhn.  electric  rlittoty  of,  51^. 

urcg  nf.  ai9:  drfinili.ui  ..1.   ioO;    J 

^^^^H                FriitikliirH  piiUo-gliD^,  li'2'A 

ditTuHtou   of,    180:    e<p]ilibrium    1 

^^^^m               KnAtTMioPKn.  '^m.  mi  450.  460, 

iu.  163;  ex|>«nsit)nof.  290.  ' 

^^^H 

ics  of.  170;  liqui'f.i(-iion  « 

^^^^^B                  FrHnnlutri-r    lioca,    45().    TAH;    re- 

measurement   c(»ertir  iVnl    t\|.M.*-      , 

^^^^B                      fmctivc   inillci«  of.   451;   wnvts- 

sion   of.    295;    ;iiM'i-ifl<:   heal   of,     ■ 

^^^^^K                      fretiuimciea      uf,      450;      wave- 

286  :  speciOr  ht-Ats  of.  mhle  ikC     1 

^^^^H                     Icii^rthfi        4riO. 

287:  and  «oIidJi,  rudidlion   from.     1 

^^^^H 

1)91;    nnd    viipont.    domililc*   of.      1 

^^^^^H                 Frrt:<«)on),  (lrgrcr5  of,  87;— of  roU- 

ai5;  tnhU:  nf  den^itli*  uf    H 

^^^^H 

Gai;«ain,  «*)2.  611.  «ie.  TB;--.. 

^^^^^^B                Fr(H!/.ii)g     iiinrhint^s.   ^6;     point, 
^^^^^H                     iiioleL-ultir  (l('[>ie.H<:iuii  of.  ftOS. 

lro!«tntic  gau^e.  002. 

Gauge,  oleciroHtutic.  602,  McLvod. 

^^^H                Frks^eu  414,  447,  488.  491.  496. 

190. 

^^^^m 

Onnges.    Bounlon.  195;  prmsura. 

^^^^H                FreMifls     iiiterfei-encc    niiHhods. 

19»;  vacuum.  194. 

^^^^H                     ISH;  luw  inlouftUy  of  redeotion, 

G.M'ttA.  9.  441.660.  690.  695. 

^^^^H 

Quuss.  mngnelic  unit,  681. 

^^^^H                Filction.    81;    cocmdent    of,    83; 

Onua.'s's   Irns    uictbod,  441;    tbeo- 

^^^^^M                     kinelfr:i1,  ^:    \nwH  of,  Btt;  ma- 

riMii.  127. 

^^^^B                    rliiiie^578:  rollio;;.  86:  flUdlng. 

GArTHKitOT.  764, 

^^^^H                   80;   slatical  82;    work  in  over- 

Gay  L188AC.  301,  296:  baromeirr 

^^^^H                   oomiog,  92. 

of.  I6H;  law  of,  179.  188,  296 

^                    Friiiffcs.  t'X\eT^i^\.4«7■,  interDfvI,497. 

GEiseLKR.  190,  pump,  196;  lubtia. 

^^r                      Frost.  I't^O. 

«te. 

^V                      FiielR,  \\ca^  vft\\w  «^^ '  ^^^* 

^3iVAA.\^\\.KWv .  fSA. 

^^^. 
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Gcnernl  properties  of  fluids.  151. 

motiomt,  composition  of,  49.  58,         ^^| 

Generalora.  eleclrostuiic.  092;  field 

56;  motion,  simple.  47.                         ^^M 

of.  84-,'i  high  pittcnliul.  378;  by- 

flarmontcs,  284.                                       ^^H 

droeU'Ctric,    756:   nuigneto-eler- 

IIarkis,  Snow,  601.                              ^^H 

tric,    843;    pyro-ma,i,'nt'tic,    729; 

Hartmann.  686.                                      ^^M 

thviuio-olectiic.  727. 

Hastinoi^.  470.                                          ^^H 

Gconitirlcnl  oplica.  400. 

UaI  GIITON,  230.                                                  ^H 

Geknez,  305. 

HAWK9UEB,    578.                                                     ^^M 

Gevku.  7^0. 

Ueiul.  preasui-G.  173;  total,  172.  ^^M 
velocity,  172.                                            ^^H 

Gilbert,  533,  628,  684.  641,  604. 

GMliR.  2.'t6. 

HLiiriu^  iind   spciiking,    256;    tlie         ^^1 

GoIiMenf  clocln:i«co|>€,  557. 

orpiu  of,  250.                                           ^^H 

GoRiK»N.  57H,837.  »5a. 

Heiti.  nctiun  of,  on  tiiiiiter.  287;  by          ^^^ 

Gmdieut.  tern]H'raUire.  385. 

compn-Bsiii;;   giis.  348;   topiicily                  1 

Gkaham.  T..  181.  182.   183,   185, 

for, 276;  roiiteini-d  iu  pr«»<iuciDg                 1 

18tt,  684.  «flO. 

Ifmiwriiturechttiiges,   272;    con".                  1 

Gi-ain.    Uetiued,  10;    -e(|uivaleni, 

veolion  of,  83^;  con  version  of.               J 

743. 

into  work.  H44:  conversion  me           ^^M 

GuAMUE.  8J2;  armature,  842;  iim 

chauic»l  energy  into  341.detln)           ^^H 

chine.  848. 

tion  of.  369;  dislribulimi    of,  in           ^^ 

Gmphic  method,  35;  represcninliou 
of  work.   80;   rcpresculalioD  of 

circuit,  713;  effects  uf.  287;  ihe                 fl 

energy    of     mdleeiilnr     motion,                  V 

efflcieocy,  855. 

270:    n.ftss-transferenrc  of,  888;                  1 

Gniphoplione,  264. 

meHHureinent  of,  272.  275;   nic-          ^J 

GBASSt.   189. 

ehuninil  fM^ulviiUnt  of,  :\A\;  uti-          ^^M 

Gntiiiit',  <:oncjive.  506;  diflmction. 

turo  of.  269;  of  cheniic:il  action.          ^H 

504;   Ktiwhiud'b.  50il. 

852;    of     litpii-fnrtii.n,    306;    of           ^^ 

Gnive  harmonic  of  Tartini,  254. 

li(|iii-f«otjt>ti.  tjible  «tf,  807:    of               1 

GmvitalioD,  law  uf,  100;  poletitial. 

TH)H>ri£»li()M.  luhle  of,  325:   pro-          ^^M 

123. 

dui-tion  ciirrenl  from,   7-.;:6;  pro-          ^^M 

Gravity.     101  ;     ncoclernlion     of. 

duction  of.   from   curreut,   713;         ^^M 

mclhod  of  measuring.   105,   107; 

sources  of,  352  ;  sources  f>t   cos-         ^^H 

cell.  volUiic,  758;  ttceirleration  of. 

mical, 857;s4>urcestif,  lerresirial.         ^^H 

dclcrmitied   by    jwiidulum.  111; 

352;    ppecltic.    276:   Bpecitic,    of                 1 

fluids  under  HCtiuD  of,  153;  varia- 

electricity.  789;  spteitie, of  gHHfs,                  0 

tlim  of,  on  earth's  surface,  101 

286:  speclflc,  of  gases,  pressure                 1 

Gkay,  a..  541. 

CdDstniit.  280;  spccitic.  of  j^hm'S,                  1 

Gmay.  K.,827. 

volume   constiuil,  286;  tnumfer-         ^j| 

GiiAY.  8..  583. 

euceof.  332;  tninsrornmlioitit  ttf,         |^^H 

GRlUALDt,  487. 

841;  unit  of.  275;  value  of  fuels,         ^^H 

Grottiics.  748. 

^H 

GHo\Ti,  324,  759. 

Ucat-cbanires  on  fusion  ftud  solidi-        ^H 

Grove  cell.  759. 

tienlion.  805.                                             ^H 

Grovkh.  695. 

Heul-roDiliiclloii.  definilion  uf.S33.          ^^M 

GuKKiCKE.  von,  534,  678. 

Ilttit-energy,  from  current  energy.         ^^M 

Gulf  sireitm.  340. 

^^H 

GoKTBH.  684. 

HvHtenKine,  etncionry  of.  849.               ^^M 

GuTiiitiB,  307. 

Heiit-unit.   raecliunical   valuu   of,                 ^ 

Gymiion,  radius  of,  68. 

844.                                                                 i 

Hents,     ntomic.    285;    molerulnr.                 M 

Hacker.  640. 

285.  specific,  table  nf.  283.                           I 

HAQENUACa.  30-1. 

Ileiulit.    bnrnmclrii-   iiiea.snr'-tnoKt                 1 

Ham,.  864;  efTcrl.  864. 

of.  1»W;  meaKunment  by  iHtlllng                  | 

UAi.i.iiY.  085.  094. 

point.  328.                                                  ^J 

Hanstkkn,  695. 

UKUMUouTz.ron,  t'MK  2411.244. 250,          ^H 

Harduefis,  sralc  of,  187. 

251.  254.  257.  264.  301.  H-'iH,  Ml.          ^H 

Harmonic  curve.  49;  curve,  eqiia- 

381.  47H.  479,  749.  75:i,  76-.»,  H07.          ^B 

lion  of,  51;  ruryeg,  composition 

llENUY.  .rosenh.  618,676.613.824,  ^H 
827;  law  of.  !i08.                                    ^H 

of,  69;  grave,  of  Tartini.   254: 

^ 

" 

1 

888                                               ISDKX                  ^^^^^^^^ 

■ 

Heury.  unit  uf  wlf-iuduclton.  816. 

Itnptiot.  146:  change  of  cnwaliy. 

Ilfcimiltu.  t»26.  440.  470.  475.  flSa 

140. 

H 

IIlutz.  ^1)6:  txiKiimcDiaof.  tttttt. 

lin|>t'MeirKt)iHly,  136. 

H 

KtrU'iogi-iiuuiib  luaiter,  132. 
IlKJio.  850. 

liupulwf.  of  a  forcL-,  69,  76. 

ItM-nndi  wi-nct-  light.  721. 

V 

IHidi  vai'un.  108. 

Incliuntion,    magnetic,    i'^'i,   680; 

HmN.  344. 

mniruclic.  mvnsiirvmciil  uf,  6H6; 
variations  of.  687. 

1 

HirrouK,  748. 

^ 

H'lrKiN.  871. 

Inclidumetor.  087. 

MiMlu^^ritpli,  *iH. 

Intompnwsibilhy,  ISdi. 

L 

HOKMANN.    |:W. 

IndfK.   eximordlnnry.    512;   iirdl- 

Uai.DKN,  02y. 

uary.  51'.i. 

1 

HuhTZ.  5H4 

Index  of  FL-frantlon.  42fi.  ahAiMiiif^, 

Holt/  iiitliiencr  iimctilne,  T»84< 

425.  moFisuiemeut  of,  431:  itn* 

1 

Hoino^iiii-oiis  mauer.  18$;    mdl* 

ratio  of  R}K.-ed  of   propnuntioo 

itilott,  refmcilou  of,  iA\\  slraiu, 

430:   relative,  4v*6. 

42. 

Indlffvreui  equilibrium.  161. 

[IiMiiologous  &erlt!8,  334. 
H'loUe.  law  uf,  144.213.  265. 

ludiiL'til  iiR'fii*(iU'mt<nt,  12. 

ludiKM'd    ctiriPMt*..    dirtTtioii    of. 

IIOPK   'iilft. 

800:  uinL'niludf  of,  807;  uf  <lif. 

HoPKlNH.  a88. 

ferifiit  indfrs.  824. 

Hi.rKiN^s.  r»73.  541,  664,  841. 

IndtKfd     cluctriticuiiou.    nmouat 

Ilcirizoi).  nrlificiiil.  404. 

of.  658;  magni'llzaiiuu,  6A7. 

■ 

Jlorizoulal  ihU-iiMtj.  683. 

Inductance.  SIS.  815. 

k 

MoSPITAIJKIt,   HlH. 

Inducllon-appaniitis.  mulntil,  832: 

HouGiNs.  462.    164. 

mn;u:iivlo  tleriric,  842. 

Hi;oilK8.  iSliy.  8a I. 

loductiou,    npplicntious    of,  817; 

Iliiiimn  volet!,  tin-.  2.W. 

biilanCL'.   825;    ehiiri^'f  by     .Vi5. 

JlDMbr>i.OT,  von.  6»U,  090, 

coils.  832;  cuneuts.  805-^law  uf. 

Iliimidily.  relutivo.  Sdfi. 

8U6;    dainplnjc    effect   of,    82S; 

HuvttHKNs.  n-2.  115.408.613,517: 

eaiih-.   811:  Vffecl  of,  ou    m- 

conslniclioii  for  douUl*'  reftuc- 

pavity.  56a;  electric,  wlf.  806; 

lion.  5i:J:  eye  piccr.  468. 

electric,    mutual.    800;    eleclro- 

Hy>ir(>elc;{;tiit'  gcnenitor*.  756. 

alalic.  555;  tu  irregular  inns9e». 

Hytin>;?t.'n.    f»crlti.sioii    r)f,  liy  piil- 

822;    lini^    nn<l    iuIk-s   of,    568; 

1h(U(1iii,     185:    IiqiiufHCiiou    of. 

mHchiiies,    580;     ma^'uellc    and 

819.  HtundunI  of  (li-D-(ily,  815. 

cloclriJ8tatic.  006,  maguelic,  63^*, 

HygromekT,  Duniell's.  330. 

657;    magnetic.    IftttA    of,    600. 

Hyifrutiu-tiy.  M29. 

mngnclo<*lt!Ctric. 805.811;  meth- 

llyi»eibola. ri|iiiliileml,  rcpreseDts 

od  of.  674;  mulunl.  813;  mutual. 

lioylr's  Uw,  Ji45. 

coefficient  of.  816:  mutual,  unit 

ny|>erineliopij*.  473. 

ciMi'ftirieul  of,  816;    phenomena 

Hyiw>n>i?ter,  32:J. 

of,  553.  screens,  8M. 

HypMomelry.  165.  323. 

Induction,  self.  813;  citefflctcnlof. 

Hvsieresis,  OOU. 

814:  itikit  coemcient  of,  HIS. 

Induction  spark,  pheuomena  of. 

Ice  miicMneft.  336;  ammonia,  836; 

835. 

of  E   Carrfi.  327;   of  F.  Carrfi, 

Inductions,  cliu'^silicatlon  of,  80S. 

326. 

Inductive  cnpiiril\ .  H|>eciflc,  57L 

Ici'lurnl  spar,  filO 

Inevtin.  moiiuiu  of,  68. 

Idt'ocIe^Miics.  533. 

InHuciice   muiliiue  of   UclU.  582; 

lilustraliau,    irtupliic    method  of, 

ofHnltz.  08-1;  ofVarley.  58.x 

25 

loiitrumenta.    ek-rlroslnllc,     578. 

IiuAse.    410;    extroordinarv.   612; 
ortfniii  V.  513;  ital.  420;  Vhtual, 

electric  nicnhuring.  593,  opth-a). 

4ftO;  thermic  mouuriuj;.  719. 

410.  421. 

Insulators.  634. 

Images,  futmulton  of.  by  lenses. 

lutonsily.  calorific.  353,  -'  -■"-    ' 

443;  fovnmvvow  u^.  \ft  TOxxvwft, 

Kw  double  rt'frnc'iou. 

420. 
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503:  liorlzoDtnl,  C83:  muRuetIo, 
6iN),  muguciic,  mms.  y\f,  6JM); 
magutilic,  variation  uf,  692:  uf 
miigtieu/jii.iuu.  682;  of  rmliiiLiou, 
U74,  3T5 — laws  of,  870;  of  boutu!, 
imHiiticaliou  uf»  228;  vnnulluu 
of,  in  ptilarizt'd  radiation,  522, 
verliciil.  (183. 

Intel  fcifu(x\  487;  bunds.  490; 
iiieLho<ls,  Frt-jtiiel.  4HS;  of  rndia- 
liou,  487:  of  Mjiinil.  2;'d;  of 
WuTCfl.  6S:  of  poUrizetl  ritdia- 
Uoii,  5*3fi:  produood  by  thin 
plnlc«.  493. 

luiervals,  niii^iitil   24A. 

Invvi'sinu,  )>hLMioineiiOD  of,  730. 

Io«i8.  741;  niiitfrfttiou  of,  748. 

IroD  ciii'b<)D.vi.  185. 

Irintionulity  uf  dispcrsinn,  452. 

Irix*gii)urinasfiea.  induction  in. 8^. 

Ifiuiittopics,  34U. 

Xdobdirlc  lines.  109. 

Isobttruinclric  liuo^  IGO. 

Isobars,  169. 

Ifmclirontsni,  49. 

Ifochiimuus  vibrulious,  49. 

lAorltnic  lines.  U8M. 

Isodynnmir  Hues,  093. 

Ifiogunic  lines,  OBTi, 

Ififjilit-nnala.  SAO.  ^46. 

Uoirupic  MilMlaoce,  291,  886, 

Jncohi,  Inw  of,  8M. 

Jacqukb.  321. 

Jamin,  640.  674,  67^801. 

Jnmin  iimgnet.  040. 

Jnr,  l^ydtMi,  G94. 

Jknkin.  734. 

Jknni.nub,  622. 

JoiBKRT,  655.  780. 

JoDLR,    179,  270.    840.   S41,   848, 

844. 
Joule,  unit  of  work,  595. 
Joule.  Ittw  of.  709.  713;  -BecoDd, 

9:3;  vnluiMif.  89.  344. 
JnHn's  liiw,  208. 

KuU>ido|il)onf,  235. 

KwleidosLOfte,  il3. 

Kapp.  664. 

Katkii,  112. 

Kallit'loimiltT,  167. 

Km h ion.  741. 

Kuthndu,  741. 

KUKI.KH,  S92. 

KiCLViK.  Lord.  692,  695.  699,  013, 
615,  Oaa.  059.  067.  b77.080,  736, 
760.  71Mi.  807.  8:{6,  870.  tiee 
nlao  Thiimfion.  hir  Win. 

Khiih,  859.  861. 


Kileig.  89. 

KJIowuii.  92. 

Kiueinnlios,  19;  dednitlou  of.  20; 

pniviiire  of,  31. 
Kinetic  enerev,  98;  tneiLsurcmcul 

uf,  94;  morc'iuliir.  209. 
Kinetic    nnil.    leliUlun    of    tiUlic 

unit  1o.  103. 
Kinetic  units,    Gnrtb's   nttruuttoa 

in.  1U3. 
Kinetii-al  frioliou.  80. 
KineiltA.  55,  06;  niHKS,  170;  niolec- 

iilur,  170:  of  Uuidjt.  I70;of  g»sei, 

170;  of   HquidB,  170. 

KiNNERKLKV.    rtOa. 

Kinuursley'it  clecuic  alr-lbcrmom- 

eti-r.  ft»5. 
KiHciiKif.  :220. 
KiKCHiiorF.  390,  400.463. 
Kirclihoff's  luws.  705. 
Kleist.  504. 

K()KNr<i.  253,  2r»4,  25A,  250.  948l 
KoiiLKAiibcu,  748.  870. 
Kcii'p,  325. 
KiTHNE,  477. 
KuNOT.  223.  433,633. 

KUNDTife  UONTUKN,  859. 

Lauranue,  409. 

Lalaiiiie-t-biiperon  rcU,  739. 

Lamelliir  Mrrnn^umeiil  of  oiagnotlc 
elements,  OUT. 

Lamont,  637,  685. 

LiimpH.  are,  7'i2;  Driiftb.  723;  dif- 
ferential. 728;  Lontin.724;  8cr- 
rin,  723;   inmndt'sct'uw,  73J4. 

Lane.  J.  11  ,  361. 

Lime's  liiaebiirgiDC  electrometer, 
001. 

Lanolky.  8.  P..  358.  307.  380.  885. 
893.  450.  405.  477.  HTS. 

Lapi.acb,  167.  220.  772;  Itiw  of, 
772 

Larynx,  250. 

Latvml  ^|lllerIea1  ftbernilion,  4S3. 

LAVoiitiicit  &  Laplack.  27t>. 

Law,  of  nction  of  two  (wle^  048; 
of  Arupo.  5'JU.  of  Bovlo,  Itlo.  IttU, 
191;  of  Uoyle.  ri)i|illt.ii)|irU4  of. 
108;  of  Bo\  le,  Vftrliiiimis  from. 
192;  of  brvwblvr.  518;  uf  eon- 
tinniiy,  175;  of  eoiilin^.  887; 
of  emtne  illuiuinailou.  376:  of 
Coiilomh.  540i  of  hftlton  812; 
of  diHtHnef  lIliiHlrnle«l.  ;t7rt:  of 
Du  Fav.  636:  of  elf 
539,  uf  eIfClto-«>ptit  !; 

of  exelittuges  ^72;   ui    ii.....^;. 
408,    ol    ^gnwsXxn-Cvm,    V^v,    vA 
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IKhiv.  303;  of  Hookc,  U4;  of 
jHiol'.i.  8M;  of  Ji»ule,  70U;  of 
Juriri,  20H;  of  I jiiilmx'.  77'J;  nf 
Lcux,  )!lOI5:  of  Ufiniil  floUiliou, 
lft8,  (if  MfiUiR.  fta-J:  of  nmxi- 
uiiim  current.  707;  of  niuxiiuiim 
f  fliritrucv.  7IX*  H-Vt;  of  ninximnm 
wt.rk.  Ar>4;  of  i)|im.  (WH»;  of 
PiiHcii!,  I'll ;  of  Si«itK'U9,  8JW;  <»f 
Siefnn.  721;  of  S(okes,  «H8;  of 
«ucoes8lv«  contaclR.  755j  of  Tor- 
ric*'Ili.  170;  of  VolUi,  7o3;  of 
Wmi.  aiH. 

LuwB  of  vbiilliiion,  330;  of  ebc- 
trolyxbi.  741;  nf  elcclruRiniicA, 
WO;  of  cxpiiDftion.  npplinii»o?»s 
of,  307;  of  fuMoii,  21«»;  of 
KiichljolT.  70*'>;  of  mii^uoiic 
nctioM  042;  of  nioliun.  7n.  71; 
of  n-flrrtiou.  406;  of  tliermo- 
cbemisiry,  n.lO. 

Lt-ji)*!  <'<jnnf  of  vcnilcr,  15. 

LiJ  BKr..  5:1,* 

l^«;IiiiK-lu-  »tll,  750. 

Li':l)l>:it4tKlt.  (Ul. 

LttiDEKFmwT,  328. 

Lcnrth.  tnfusurcnicnl  of,  14; 
prtmnry  BtnitdAhl  of,  207; 
jMiniury  slnndard,  iotftU;i*»iil  ox- 
IHinsioii  (if.  29H:  of  Bcf  nmls  pL'ii* 
dulniii.  113;   uuil  of,  10. 

Lenoir.  'Jl»7. 

I<ens,  cryfllMlllne.  472;  -method. 
Gauss'a,  441;  optical  cctUer  of, 
4:10. 

Lt'Uses.  435;  ncbronwiltr,  454. 
nclinminlisni  in,  4.V.J;  npltinntlc, 
44>1.  cnnUiiiil  poiuts  of.  441 , 
clironiutic  ahormlioit  of,  4«V4; 
concave.  435:  'onvLTghiff.  485; 
convex.  43'J; — coujugali-  fwS  of, 
43ft;  (liv«'ripng,  41^5;  exp«;n- 
mental  detci-fninatiou  fn(>Hl 
length.  440;  foci  of  coinlifnid, 
440;  forniiilloii  Iniai^t-H  by,  4<13; 
inmii'yns,  480;  j'plifricfil  nbeira- 
tlon  of.  444.  viitna!  foci  of,  441. 

Lenz.  law  of.  800. 

Le  Koux,  737. 

Lepme.  ]35,  y.»7.  379.  384. 

Ley  den  jur,  564. 

Lifting-power  innirnct^'.  *W0. 

Li^ht.  lire.  721;  ntnipouod.  308; 
aiffmcltd.  intensity  of,  5(>2; -t-n- 
ergy.  rompU*x,  3T1;  t'lcciro- 
nmgnello  tlit?ory  of,  809;  incan- 
di'St'pnce,  ViV,  i\\(rQOv:\uc>WAV\i; , 
8ft8;  prodMcUon  oI.Vn  c\utv\\\ 
720;  TcUt\ou  ot,  \«  e\««:V\\t:S\>j 


857;    Bpfcd    nf,    fii   vacuo.   401; 

siHudardjt  t>f,  '4fi\.    worcs,  coo- 

Mjuhs  of,  S'i^t. 
Lfjfbting,  vlecliic,  721. 
Ligblnin.tr,  dnratioitof.  628;  pboto* 

irrHph  of.  622;  proieciiou  from, 

oso. 

Limit     elastic.    143;    of    musical 

»(->nDdK,  243. 

Limnui,  247. 

Linear  dtuftliy.  electric.  542. 

Liuc!^.  aeliuic.  689,  Hjcooic.  685; 
dti t k,  in  solar  Rpfci rum.  440; 
FrHiinbofcr,  450.  TiO?.  Isobaric, 
109:  iwdwronK'lric,  169;  iso- 
clinic,  089;  i6o<lynamk\  698: 
iaojfoufr,  686;  of  force,  1S6;  of 
foicc.  Moit  i>ole.  045;  of  force. 
niMgnetic,  6.33;  of  induiMion, 
(S6H;  of  indnction,  msgneiicOOO, 

LiPPMANN,  500. 

Liquf  fart  ion,  i^;  heat  of.  306— 
tuWe  i»f.  3<17;  of  ^ases.  319;  of 
O.  N.  and  II,  319.' 

Liquid  r(.h(H<.n.  aiO. 

Liquid  winilibrinm,  155;  flutativn. 
law  of.  158;  fctfttr,  conlinuliy 
with  gft.s<*oufl,  314. 

Liquids,  compr«i^stldHty  of.  189: 
definition  of,  150;  ditfuaion  of. 
18.'»;  flow  uf,  in  liiljes.  172;  io 
oipiililirium,  nitLdc  of  cooluct 
between.  2o6;  klneiics  of,  170; 
specific  bml*  of.  2>'8;  sjnecd  of 
aotind  in,  '«232;  «^urfari*  ten»ii>n 
of,  301;  vnjturization  of.  809; 
volnlile,  309;  volatile,  vapt)r 
pressure  of,  313;  risooalty  of» 
174. 

Li&tf.\Joi-'S.  244,  262. 

Lot-Ill  ni-lion,  750. 

LOCKYKK,   403. 

LodestoDv.  028. 

LoDOK.  72.  75.  «6fl.  n38,  577,  6S6, 
740.  7.53.  7Gtf.  804.  80;i  ^;:; 

Lo(3P.MA>-  &  WhTTMlbS.'   H 

Lonjx-distancr  tcbpbooe,  NSl. 
Loni:  run^'e  I'lccltonicliT.  605. 
Lou^ttudinal  rit;id!ly,  141.  »pberi- 

ojO  abemiiion.  4;J3;   vibrntiou  of 

rods,  230:  waves  HS. 
Lontin  arc  lamp.  724. 
LnvMls.  088. 

LoftCllMlDT,  181. 

Loss  eniiiry  by  rndialion.Sft*. 
LdchetiuV,  180. 
Luniino.«.ity.  tcmiwintur*  nf. 
\  .>>  wwv  <v\^  wA\!».vV.v« ,  m  ea  su  I 
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Macs,  546. 

^nchinc,  Attwood,  106;  Bruab, 
849;  coiupound-wouud,  85<);  De 
MuHloiiR,  8-)5:  iljnamo,  ciiIcuIk- 
lUtn  E  M.  F.  of,  8ftl:  elfclro- 
utatic.  578;  Grainrae,  842;  iu- 
iluciinn,  580;  influence.  583;  iii- 
liuunce,  Bclli's,  5^2;  iull\icnce, 
Holtz's.  584;  iiiQuenct;,  T/^pler'n, 
687;  iuOu(?iict'.  Vark-y's.  583; 
influence,  Voss'b.  r)88;  influence, 
Wimsliurst's.  589;  seiies,  850. 
shunt.  8'>n;  t^iemens,  843; 
Thoinsnn-!Iouslon.  H49, 

Madiiues,  friuLiou,  578;  ice,  336; 
self  exciting.  587. 

Magnet,  chiiractcristics  of.  630; 
<lJdtHbuiion  ma>:ueii7JitJon  iu, 
671:  fiLHirlhuiiori.  expLTimenial 
(lelerniinaiion  of,  672:  simple  50- 
k'nimliil,  HH7;  tlieoreliail.  641. 

Mu^Qciio  uction.  Inws  of,  643; 
athaclion  nnd  repuNiou,  641; 
nxia,  «2H.  030;  circuit.  6iJfl;  dr- 
cuiu*.  dobeil.  784;  com|>ass.  680. 
constjiiits.  603;  ooupU*.  6a2;  de- 
cliiintion,  682;  density,  ti:i3;  &nd 
elcctrustittic  iudiicliwii,  f><)6,  ele- 
ments. 682;  eiiUHtor.  628.  680; 
field.  630;  Held,  eonditiuns  (niuI- 
libHiim  in.  078;  field  and  eartli's 
field,  646;  field,  force  to.  6:f]: 
field,  mtigneiiMlion  by,  638; 
field,  measureincni  of,  812;  flcld 
of  earlli,  079;  tield,  uniform. 
035;  Held.  variHble.  635;  fluid. 
varinlion  of  pcHemial  in,  649; 
flow  of  force,  6iJ3;  force  of  e«rili 
dircciive.  681;  indinHtion.  68i. 
086;  induction.  638,  (157;  indur- 
tion,  linen  of,  600;  \uU  slty.  682. 
690;  intcusiiy.  mctisuiemeni  of. 
690;  intensity,  vnriiition  of  093; 
lines  of  foi-ce.  683;  mans  tjf  |K>le. 
081;  momenUs,  63t;  nmnieui  of 
eiirlh,  tiJ>0.  pi-rineitbility.  659; 
perturlmtioos.  685;  phfiiitoms, 
634;  poJHri^alion.  056;  jxdc,  tield 
of.  64'1;  p<dc.  lines  of  fore*  of. 
645:  poll'  uf  enrili,  690;  pole, 
unit.  044;  jxilw,  fl:iO:  pok"*. 
ntiniinj!  of,  08rj.  poientinl.  IMl: 
poicniint  lit  n  poini.  648;  prop- 
crliv-i.  029.  relrilions  of  cun-ent, 
768;  atturulion.  4(37;  tittlunition. 
point  of,  660.  nlidl,  complex. 
669;  Hhell,  moment  of.  609;  shell. 
ainiple  66:t;  shell.  ftti'eii)rth  of, 
669;  shelU.  607,  668;  «olenoid8. 


667;  sti-eiigih  of  field,  681;  sub- 
eiAnccs.  620;  surfaces,  cquipo- 
tculial.  049;  susceptibility.  058: 
thwjrv  of  Poisson.  656;  theory 
of  \^'eber,  656;  work  and  en- 
ergy. 648. 

Mn^netism,  628;  Ampere's  theory 
of.  802;  dual  onluro  of.  630; 
of  the  eHrlli,  679;  of  tlie  iiirth. 
theories  of.  694;  t«rreBlrial,  con- 
stant?* of.  b'95. 

Mueneti/jition.   628;   a   molecular 

S^nenomenoo,  655;  by  Contnct, 
87;  bv  cuirenls.  786;  curves  of, 
660;  depth  of.  675;  distribution 
of,  871,  effect  of  temiK'mture  on, 
641:  and  cleciriliuuion.  670; 
electrical  theory  of,  657;  energy 
of,  654;  lailuced.  657;  inkuislly 
of.  632;  methods  of.  037;  resulUi 
of,  6;t8:  theory  of,  655. 

Mngneto-det'lric  currents.  806; 
generators,  842;  iDduction,  811; 
iudiiciiou  apptirHtiis.  842. 

]^Iuguetomeler,  647. 

Mni^netft,  G28.  029;  vompouDd. 
639;  electro-.  781;  equivaleuroof 
and  currents,  783;  .lumiu,  640; 
lifting  p*>wcr  of.  (llf>. 

Magnifying  |>ower,  406. 

Mairniltide  of  indneeil  currents, 
807. 

31agnilndcs,  physical.  7. 

Maikan,  112. 

Major  Bcute.  247;  semUoue,  347; 
third.  247;  lone,  246. 

Mulleabililv.  137. 

M\t.LKT.  090. 

M*UJ»,  518;  law  of,  622. 

Manomelers.  193. 

Makccs.  728. 

JSIarey's  tnmltour.  606. 

Marim.  von,  047,  080. 

Mascart.  606 

Mums,  3.  66.  131;  center  of.  110; 
•khielir^.  170,  mea'^iircment  of, 
73;  physics,  17;  tmnafrnnco  of 
heat.  3:18;  unit  of,  10;  -vibrntiou. 
energy  of,  212;  .Tihrntiou.  or 
howixtX.  212. 

Ma8mi\,  620. 

Mailer,  3.  action  of  heat  on,  287; 
-dinngcii,  5;  compomid,  182; 
conMTVHlion  of.  4;  ddlnflion  of. 
129;  dLvii^ibillty  of.  185;  cle- 
mculary.  132;  fourth  slate  of. 
198.  8:19;  heterogeneous.  133. 
bomogeni'ouH,  )32;  impcDrttTi- 
biliiy  Of.  laO;  la  gawoutt  btatc% 
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V               893                                nfi^BX.                 ^^^^^^H 

^1                         simple  constUutlon  of.  188;  prop- 

Mcul»cus  leas,  439.                  fl^^^f 

^H                           enfcs  of.  120:  simple.  1»2;  slnic- 

Mercury,  uppiin'nl  expanalonT^^^ 

^H                             turu   of,    129;    <«iibUivisiuus    of, 

292,  ptinips.  190;  real  expatwioo 

^H                           ISO;  Tibraiion,  373. 

of.  2W2. 

^m                    Mattbuoci.  A74. 

Meiaceiiier.  161. 

■                             HATTfflKSSSH.  290.  2M. 

Metullio  tbcruiuinetors,  2B8. 

^H                       MArrEUTUis.  4(tO. 

Atetcorology,    lue    barometer    in. 

^^1                         Miixiriinin   cunx-iil,    law  of,    701; 

168. 

^H                           ettlcicncy,  luw  of,  709;  negtitive 

Meters,  ex|mn»ion.  720. 

Mel  bod.   grwpbif.   25;    of  colnrl- 

^^L                       Uou. 

dencf«,  112;  of  contact.  674:  of 

^H                   Haxwkul.   U.    13,   71.   101.    114. 

cooling,  277;  of  (It-fleclious.  09l. 

^H                         1»0.  i:i5,  1H6,  174.  176.  IHO,  271. 

of  iuduution,  074;  of  nteosuring 
currents,  raloriiuetrical,  719;  of 

^■^                         «ii5,  54:*,  657.  hm,  MU.  507,  574, 

^H                    577.  o>iM  noo,  7r!ii,  eau,  871. 

meUiai;   Uv   370;   of  mixtures. 

^^                    Maykk.  250.  255.  21^3,  439.  085. 

880;  of  o*dll«tioa8.  678,  091;  of 

^^H                    McKiciiAN.  871. 

loraion,  673. 

^^H                     McLvtHJ  gntigc,  190. 

Methods.   ciiloHnielrical.   377;    of 

^^H                     Mean  sqijare  nf  ve1(K-fly.  177. 

HUnlv/JDeKoiindA,  250;  of  deter- 

^^H                  McttsurL',  absuluti',  0;  uf  slftbility. 

inhiitiK  density.  102;  of  remov- 

^H 

lug    air,    195;    of   syulbebiziog 

^^^B                   Meiuurement  nrrolenitloti  of  grav- 

BoumU,  251. 

^^H                       ity.  105;  direct  iiutl  ludlnM't.  12: 

Mt;irede8  Archlvea.  297. 

^^H                      electro»*iaiic.   uuiu  of.   598;  iii 

Mrykr,  175. 

^^H                       goiicral,  12;  of  ilecllDulioi),  68:V, 

MicuKLBON.  400.  427. 

^^H                         of   expiuidion   loetlk-iL'tiU,    21^0; 

Mil  roinrler  fltruw,  14. 

^^H                       ofexptttittiuDCiK'nicienuof  ^(uu.'S, 

Micron.  15.  297. 

^^1                       2U5:    of    bt^nt.  272;    of  lii-igbt, 

3licrf»pboue,  H31 

^^H                       iMi-rimi'trU-,  105. 

Mino^coiHj.  44Mi;  compouud.  468; 

^^^H                   Mui-Miiremout  of  iime'uellc  iiirljnn- 

sini[>lc.  406. 

^^B                        don,  680:  ctf  kiuetlc  eiicrgv'.  94; 

Migmlion  of  ions,  748, 

^^^H                      of  U-nji:ib,  14:  of  Inniltion.H  indi- 

Mininium  deviiirion.  481. 

^^H                      uiionx  3H1:of  rM:i|xne(irtiolil.H|2: 

Minor  »Cfile.   247;  semilOQe.   947; 

^^^y                        of  niiiKs.  7U;  orniilitiliitn.  !I79:  of 

Ihini.  247;  tone,  240. 

^^^1                       rt'fnuHive  indcv,  4:il;  of  surface 

Mirrors,  anguliir  motion  of,  410; 

^^^H                        IciiHion.     204.     of   iciiiperuLurc, 

concavL'.  virluiil  foci,  417;    con- 

^^^H                     272;  of  vlbnition-friHtiicucy.  217: 
^^W                     of   wiivi-lctij^tliii,  4U1.  5iJ8:    of 

vex,  4I8;  formalion  tmacca  in. 

420;  interference.  488;  multiple. 
411;  iiifine.  409;  flpUerictd  aber- 

^^H                        wnvv  lengths,    dii^l.     2l8:     of 

^H 

ration  of.  422. 

^^■L                   MoA^iiromeots.  pliyslcal.    18;   gftl- 

MiT.scHKuucn,  1S3. 

^^^1                        viiiiotnulLT.  775. 

Mixiurci*.  fuiing  point  of.  307, 

^^^K                   MLOHiirinir    instrnmenU.    eleclrlc, 

Mobility  or  flui.ij*.  151. 

^^H                      593:  DiLnuic.  710 

Modulus,  Young's.  141. 

^^^B                   MfrliAhicu)  t'lRTgy  converted  Into 

Molecular    data'     tabic    nf,    180; 

^^B                      bvMi.  H41. 

dei»res»iion  frt-r/ing  point,    IWH; 

^^^K                   Meelmnical    equivuU'Dt    of    heat. 

hfrtis.  3»5;  kinetic  energ>',  269; 

^^H 

kinetics.  170, 

^^H                  HeclmiiUm  of  millnlion.  300. 

Mol*Tii!e.  131. 

^^^B                  Merliiim.  ncojotropic.  614;  dlelec- 

MoTerule.s.  ahnolule  sIkp  of,  134. 

^^V                      tHc.  507:  insulaiiug.  507. 

Mou.  &  Van  Bkkk.  220. 

^^m             MegiTg.  m. 

Monti'tit,  maghciic.  0:U:  magnetic. 

^^B                   Helloxi.  379.  380.  387.  392.  414, 

of  earth,  090;  of  n  force."70;  of 

^H 

Inertia,  68.  of  momenluiD.   07, 

^^^1                   Membntne-dlffufllon,  187. 

static.  100. 

^^V                   Heinbnines,  vibmilon  of.  339;  vo- 

MoMieiitu  of  motions,  velociKcsaud 

^H                       ciil.  250. 

ocO'lernlions,  4U 

^H                   Mendki.rkvt,  \^S,%Ai. 

y \\w\uiutmn.  60;  dimeusionsof.  M, 

^^m                        ^KSDUNHAl.!.,  ^0. 

^^^^B^. 

,...._.^— 
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MOND  &  LANOKIt,  135. 

Mooochortl.  233. 
Monochroinulic  liglil,  (idS. 
MoHiN,  84. 

MOHRKN.  610. 

MoKTON,  869. 

.Muiitjti,  nr<'eleniled.  Bimce  tie- 
scribed  in,  24;  circuliir,  projec- 
lioo  of,  45:  composition  of  uni- 
form with  variiihlc,  30;  curvi* 
linear,  2t.  27;  definllion  of.  19; 
in  genei-al.  10;  in  radiAling 
body.  463;  laws  of.  70,  71; 
molecular  energy  of,  370;  mo* 
nieuU  of,  41;  of  o^illntton,  31, 
45;  of  rotation,  20. 118;  of  tmnsla- 
tiou,  30,  21;  pvrioilic.  45;  qiian- 
Ulv  of,  66:  retliliMear.  21;  re- 
Hultiint.  30;  simple  hnrmonic.  47; 
jfiinple  bnnnoidc.  composition 
of,  49,  53,  56:  uniformly  iiccel 
emtvd.  equations  of,  iiO;  wave, 
plienomenii  <*t,  60. 

Molion»,  clMBsi  Ileal  ion  of.  20;  com- 
ponent, 30;  composition  of,  80; 
purulleiogrHm  of,  31;  paralleio- 
plpedon  of,  36;  i>oly^ou  of.  33; 
reHolntion  of,  fiO;  triangle  of, 
83;  uniform,  composilion  of,  30; 
uniform,  leHolution   of,  84. 

MoiiT,  S|)mgne,  »53. 

Mm.trs.  el  vet  r  if,  t)33. 

MoiiiU'-mill.  .'i92. 

MoLbfiOK.   301. 

Mouib-piece.  organ  pipe,  240. 

Mi'iJ.En.  502. 

Multiple  urruMgemenIs,  701,  703; 
mirror:*,  411  ;  seriea  arrange- 
nicnls.  702,  704. 

MlW-HCNBItOKK.  564. 

Mils))*,  relation  of  sound  to,  248. 

Mut-ical  obords  and  scales,  245; 
intervals.  246:  pitcb,  243;  sounds 
and  noises.  230;  sounds,  limit  of, 
243,  pounds  producllon  of,  231. 

Mutual  electrin  induction,  806, 
813,  eleclric  iiuludion,  coeffici- 
ent of,  816.  electric  iuducliou, 
unit  of.  816:  luducLion  appa- 
rftius,  832. 

^tuiunlly  induced  currents,  806. 

Myopia,  473 

Natterkr.  319.  8^. 

Nature,  extcrnitl.  3;  of  electrlcUy. 
576  ;  of  electrfflcnlion.  587;  of 
heut,  269:  of  sound.  313  ;  of  the 
apai  k.  620. 

£<cgnllveeyepieco,  468;foroe.l3l. 


Nkbn»t.  303. 

Necmann,  286.  834. 

Keutral  point,  781. 

Nkwcomb,  401. 

Kkwto.n.   70.   72,    100.   114,   146, 

219.  387,  403.  449.  470,  487. 
Newton's  rings,  498. 
NicnoLB,  885.  716. 
Njcmolson.  582, 
Niod  prisHH.  523. 
Nitrogen,  liquefaction  of,  819. 
NOBEUT,  504. 
NoniLi,  379.  727. 
Nodal  points  of  leoa,  441. 
Nodes.  63. 
NoC,     thermo-electric    generator, 

728. 
Noises.  230. 
Noi.LKT.  187. 
K0Hl>KNPK.rol.D,  360. 

Normal   lM)ll{ng  points,  table  of, 

321;  s|)ectrum,  405. 
Norman.  68G. 
Numeric.  8. 

Occlusion  of  gases.  182;  of  hydro- 
gen by  palladium,  185. 

Octave,  interval  of.  346. 

(EpiNca.  536. 

Okrstbd,  189,  605.  768. 

Oersted's  experiment.  768. 

Ohm,  unit  of  rL-nistance,  596,  700. 

Olini.  law  of,  6ii9. 

Ohm's  law,  applications  of,  701. 

OLZEWSKt.  320.  328. 

Opitcity  and  eonducllvlty,  873. 

Opake  cbjtct,  404. 

Opera  glass.  471. 

Upiic  axis.  510. 

Optical  center  of  lens,  436:  gal- 
vanometer, 862  :  instninients, 
466;  principles,  upplicaliou»  of» 
466;  rcpreseotaliou  uf  sounds^ 
261. 

Optics,  ffeomctrical,  406. 

Organ  of  bejiHng,  the.  259 

Organ  pipes  240;  ncKlesnnd  lo4)ps 
In.  241;  open  and  Klop[K'd.  241. 

Origin  of  solar  energy,  360.  of  ler- 
restriiil  eneicy,  S4>Tar,  3.')9. 

Orthncbromatlc  plates.  395, 

Oseillalion,  center  of,  110.  double, 
107:  motion  of.  21.  4.');  single. 
107  ;  time  of,  indepi  ndcnl  Of 
mn88  of  pendulum.  1 13 

OscilUtions,  mctbttd  uf,  678; 
priwluced  bT  elaslicily,  144. 

Oscillatory  cnamcter  electric  dln- 
obarge,  618,  motions,  45. 


^ 


■ 

iP^jft                                      L^Wt.                                           ^1 

^^^r 

Osnuttu,  187. 

;  Pli.il  t^niphy.  395, 

^^^^^B 

Osmotic  |>n'wure.  188. 

pt,     ......    Boiigucr,  388;    Bun- 

^^^^^^B 

OarwALD.  IH8,  803,  312,  856. 

.  - 

^^^^^1 

Overloucs.  2;W. 

;  I':          .      ;,  Foucjiiilt,  388;  prin- 

^^^^^1 

Oxygen,  liquefaction  of.  819. 

ntik    of.    381;    RumfuRl.   88S; 

^^H 

Ozonuiubt'.  SlomeDs's.  019. 

Bj^ff'trrt-.  384. 
V             '   ..  881. 

^^^^^K 

PAoa.  C.  0  .  887.  883. 

i                  .469. 

^^^^^B 

PftllHilliim.  occlusion  of  hydrogen 

Vuj      .    iimgDilndcs,  7;  mri-  i 

^^^^^H 

by.  185. 

i-.u  ......  13;  qimulities,  7.  ."^^ 

^^^^^^^B 

PiirnlwlH.  37. 

province  of.  6;    unit,  delii.;. ^ 

^^^^^H 

PumtK>hr  pKlli,  87. 

of.  7. 

^^^^^V 

Pftmllel    forccjf,   composilfou    of, 

Pbviilc«,  dcfiiiilloD  of,  6;  provioc* 

^^^^^^^B 

77:  Bti'iftl  mid  uultkc,  78;  rcso- 

o"f .  3. 

^^^^^^ 

lu'ion  of.  77. 

PiCKRKiKa.  403.  464. 

^^^^^^B 

Panillclo-rnun  of  nnnions.  31. 

PlOTRT    320. 

^^^^^H 

PfirnIIolnpipfiion       of       miMJODH, 

PiKuuE,  294. 

^^^^^^H 

vtlucitio'f  ninl  iicrclenttioiia.  3tf. 

Pier.omcter.  189. 

^^^^^1 

P«riKlltiL'r»t.tic  SIllWlttDCOB,  U29. 

Pile.  RiiUMs.  764:  VollaX  757. 

^^^^H 

Pa  Hit  V.  a,M. 

PlfR'-s.  oipiti,  240. 

^^^^^H 

Pniliiil  (iiKporsioii.  452. 

Plicli.  2-4;i:  miiKiin!.  248. 

^^^^H 

Piirlldt*.    Mintviinl.   SO ;    timtvriat. 

Plmi«  polririantion,  370;  polAr{zt.>d 

^^^^H 

coii.liiionsof  tM|inlibHuin  of,  79. 

wftve.  870. 

^^^^^B 

Pascal.  164. 

Peculiiiriik's    of     the     prisiDfttlo 

PInno  surfaces,  reflect  foDfntm.409. 

^^^^H 

PlnMO«.   f<K.Hl.  442;  priuctiml.  443, 

^^^^^^1 

fljx-clnitn,  4*14. 

Pi.,\\Tl5.  764.  7mi. 

^^^^H 

Pblkat.  h:jh. 

J?liiHlicily,  13-^.  143. 

^^^^^H 

Pkltiek,  735. 

PLATEAr.  aO:i. 

^^^^H 

PtiiiitTi-irtH-i  7a5. 

Platen,  thill,  iiiierferenoe  by.  4M; 

^^^^B 

Pencil  of  nidiatii>n,  406. 

vibtftiioii^.f,  TM. 

^^^^H 

Pcniiuiuiii  118(1  uieiisurerof  lime. 

Platluiini.6ian(iur[11tfUt,381;viir(- 

^^^^B 

114;    comptMisjUioii.    398;    coiii- 

tttiou  spcrific  heni  of.  with  Cam- 

^^^^^1 

poiiUii.     n^:     I'litrgy    of.    110; 

ptTiihtre.  2<S4. 

^^^^H 

tfricMivHi,    2i)H;    law   nf    viinple. 
108;  nuTcuiitil.  2V>«;  nit'tliod  for 

PLCrkEit.  439.  M38;  tubes,  4».  888. 

^^^^^B 

Pmuuenlmmipp.  759,  *13, 

^^^^^H 

moiLsiirinir  itccdemlton  of  grav- 
ity by.  Ill;  M*rt>n(ls  l<'i>Stu  of, 

Point,     ueuinil,     thcrino-eleclric. 

^^^^^H 

731;  piJloiitial  energy  «t.  122 

^^^^^^H 

118;    limi.'  oscillftiion  nf,    iudo* 

Poinicil  ci*M<li»oiors.  eueet  of,  547. 

^^^^^0 

peiiiletii  of  (lie  mass,  11  a. 

p.-              .  .  i7:t. 

^^^^H 

Peiiiimlxa,  405. 

I''                     ti50;  tiifignelic  theory 

^^^^^^B 

Perception  of  dislnncc.    484;    of 

i'L.      I....tj. 

^^^^^B 

relief.  484.  vifsunl.  4h;J. 

Poi.ssou'a  rntio.  142. 

^^^^H 

Percussion,  center  of.  110. 

Pohirinieter.  532. 

^^^^H 

PKniKii.  1<i5. 

Polnrlaeopc,  Hiofs,  526. 

^^^^^H 

Pcrio.l.  47;  vrtrinWo,  710. 

Polnrfw!oiies.  524 

^^^^H 

Pcrioiiic  fiinciioti,  4B;  motion,  45. 

PoluristrolwnietiT.  538. 

^^^^H 

PeniKiitHUty.  nm^tielir.  050, 

PolHii/,ntlon.  ;t7U.    517.    «1«r  Nut- 

^^^^^^B 

PersiisteiiiT  of  risiou,  478. 

leries,  764 ;  by  rcflcci !  .      -    - 

^^^^H 

Pkkkkkk.  188. 

rcfmction,    52'i,    bv 

^^^^H 

Plmiitoins,  intignt'lic,  654. 

fraclion.  533;    i  i"'-' 

^^^^^B 

Phitsc.  4H;   chuiipe  of.   on   reflec- 

eb'ciri<',  566;  i?l,, 

^^^^H 

tiou.  (l;i.  -105;  reversal  of,  iu  re- 

hundfil.   370:  in  > 

^^^^^B 

tleriion.  eaiJ. 

tin*  (lieleclrin.  57ii;  pmiM-  (-t 

^^^^^1 

Pht-uonicim.  cnpillnry,  207;  of  In- 

riirht-hfinded.aTO;  rouiorv,   . 

1 

^^^^m 

iliiciiou,  555;  of  inversIoD.  730; 

vollnic,  757, 

1 

^^^^B 

of  wnvc-inofioii.  60. 

Polari/eil    railirilion.   infcrfcrrnc«      1 

^^^^^^' 

PlHnmuiognv\Av  ^ft^. 

of.    528:  rtnuire  of.  535;   rr  ttpr       1 

^^^^ 

Phonoi;iu\Ai,  'W.i- 

Pi 
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Pale,  unit  ruft^netic,  644;  marked, 
of  iHugiti-l,  (CM). 

Poles,  couHcqueni,  639. 

I'ules,  inugiiLtlc,  OBU;  namiog  of, 
680:  of  trHith.  690. 

Polus,  i-wo,  iicuuu  OD  one,  646. 

Polygon  of  moliuus,  88;  skuw.  86. 

Ponaltle  electrometer,  S95. 

Poilulive  force.  64<K 

Poaltlou,  Itt. 

PuHilive  i-ye-plece,  468;  force,  131. 

Poleuliitl,  1^:;;  aiul  ullrHC-lion.  120; 
lit  n  point,  \'iZ\  diiTerence  of, 
124;  -ilirtcrence,  abM^lule  nnit  of, 
.S94;  ditft-reuce.  iberinoelecuic, 
Uihlc  of.  7:i7;  eleuliiciil,  58«— at 
point,  551;  cleelnHLuLir,  unit  of, 
553,  554;  entTgy,  93— rolatiuu  of, 
to  kinetic,  94;  full  of,  in  circuit. 
707 ;  jjiilvauometric  mode  of 
luc'asll^ll)^^  7^0;  gnivitatiui;],  123; 
liitfli,  jirencniiors  of,  57>*:  niHg- 
nutic.  641;  mngueiiu.  nl  a  point, 
648;  nmjtjnt'tic.  varialion  of,  in 
Held,  640;  the  aoiiloi,'uo  of  level, 
124. 

Potier,oplical  galvanometer  of, 862^ 

POUII.LKT.  357. 

Power,  dispersive,  451;  of  u  leus, 
467;  radinting  iind  al>90i'l>iiig, 
373;  n^llecliuj^,  413;  tberuio-elci:- 
iHc.  7-i6. 

Praabyopiu.  474. 

Press.  hydrosUilic.  159. 

Pressure.  c»;nler  of,  l.'iS;  effect  of. 
on  fu£iin^  point.  301— ou  lioiliug 
point,  3'22;  fluid,  proportional  to 
doplli.  158;  fusinf!:-poitU,  300; 
gauge.s,  193;  liL*»d,i72:  ofaijue- 
ou.H  Vftfior,  Bll;  i>f  Vdlnlile  l{q- 
inds,  311— lablf  of.  312:  oMnotie. 
188;  produced  by  liquid  film, 
205:  slross,  72;  upward.  In  flulda, 
150;  vui>or,  of  Holulloiis,  312. 

Prcasures.  crilinil,  table  of,  819. 

Prevosi's  biw  of  exchunges.  373. 

Pkkvrh.  343. 

Princ'l|ml  tixU,  415;  fttcus,  415; 
pliirics,  442;  seclfon,  510. 

Piinriples,  opiictti.  applications  of, 
466. 

Prism.  430;  biwe  of.  430;  Inter- 
fffcnre  488;  rcfnwifng  ed^'w  of, 
43(>;  rt'fniciinn   \\\\)iW  of.  480 

Prismnlif.'  spt-clrum,  44S;  peculiar- 
ities of ,  464. 

Prisms,  nchromiillc,  453;  nchro- 
mjilinm  in.  452;  oondiilons  of 
emergence  iu,  433;  direct  viidon. 


453;  donble-image,  023;  Nicol, 
5:£3;  principal  Rectioii  of,  4^. 

PruducLiou  uf  sound,  230;  of  mu- 
sical souuda.  231. 

Projectile,  pai-ubolic  path  of,  87. 

Projection  oirculm  motion,  46. 

Proof-plune,  544. 

Propii^uiiun  disturlHinces  in  elasito 
modiii,  145;  c'lectrjc  discburgv, 
speed  of.  fioO;  of  raillnilon,  3§7; 
recti liuL-nr,  397,  402;  spired  of, 
307;  wave  motion,  spued  of,  6U 

Pniptirtifs  of  lluids,  151 ;  of  matter, 
129;  ofsoliils.  137. 

Prott^ctiou  from  ligbtulng,  626. 

Province  of  Physics,  3;  uf  pbysicul 
science,  5. 

Pulsf-gltt«6.  323. 

Pumps,  air,  195;  Bunsen  Hltor, 
19S;  Geissler,  196;  tuercuiy,  196; 
Sprengel,  197. 

PseudoscoiM',  486. 

Psvtbromtter.  331. 

ProLiiaiv.  408. 

Pyromngnetic  generaior.  729. 

Pyromeier.  273. 

PVTllAGORAS.  282,  244. 

Qundrnnl.  615.  816;  dectroineter. 

595,  597. 
Quality    of    radiation,    874  ;    of 

sound,  213,  249. 
Qunniiiies.  pbysJcal.  7. 
Quaniitntivw   elvctro-dynamlc    re- 

laiions.  780. 
Quantity.     at»(dute    electrostatic 

unit  of,  ,594;  of  clectiiflculion. 

imit   of,  ,M1:  elccincal,  601:  «»f 

nidiatJoQ,  874. 
Quurtcr-undulallon  plate,  526. 

QtJIXGKK,  211. 

Radian.  39. 

Katliant    efQctency.    880;    energy, 

Rjidlriting  nnd  nlisnrhing  power. 
678;  body,  motion  in.  463. 

RadiAlioii.  al«orptlon  of  360;  nnd 
nbKonitlon.  Heleciive,  884.  cbem- 
ical  ofTrct*  of.  3W5;  definliion 
of,  365;  ilifTu.'^ion  of.  414;  effect 
tcmpomiure  on.  372;  electrioil. 
805;  clecttii'  urc,  efflclenry  of, 
385;  electPimpiL^Dtic  churacter 
of.  857;  emlsftinn  of,  306;  rncrgy 
of.  371  ;  llie.fly.  885  ;  ftom 
sdids  ajid  )H\»v»\  391;  gas,  cffl- 
Honey  of.  885  ;  bomo^rpneous, 
refn&cliaiL  of,  iSA.\  ^.x^VcxaSn:^  vA.., 


80e                                           AV/)£X.                                                      1 

H74  ;  interfcrcuce   of    487  ;   loM 

rlouble.  510;   double.  Hwyrfww     1 

'  .n  for,  r.r      \    ■■.      ^ 

;     by.   387  ;  Maxwell's 

1  ory  of.  ttOO;  mouKire- 

i;  of,  510 

i- ;Kif:    —■'■->- f. 

i«.  .,^..v..i  bv.  6i2;  b.M  ,    .     ,     .;^      , 

im.  ualurv  oi 

radiation.    424;     iu-l.  v       '    .i2,^;      1 

rt70;    polarizett                   ^        ,  '; 

laws  of,  4:M:  dou  h   :i  ^       ^      1 

Urisecl,    inurrfeieucv     of,     628; 

radiaUou.  447. 

siirfaoM,  420;  t. 

pulari/t'd.  ualure  uf,  5^5;  pUuc 

cliDt'd  8urfai:ea.  4;iQ;  pula; , 

polurir.txl.  U7U,  polnriznl,  ivMec- 

bv.  520;  of  iouDU.  227.  ti. 

T'         '   ^,"t;  pulurizwi.  Iniuwois- 

curved  siir/r-      v^';                             , 

M,  prupatfaUou  of.  897; 
ml  qiuiluy  of,  ^74:  re- 

Refi-ueiivi'  i                    urtmeat  of,      1 

4;il ;  and  .1. ^uu»lftn<    -Ti         1 

41J0.  iefi»cliuuo(Don-  ' 

Rtfraclive   indites,    table  .  ' 

'    ii**.    447.    s«>lftr.    offl-  1 

i>ow«fr.    435,     power    at-> 

K                           cuiicy  oi.  3H3:  80iiice«uf,  S?*.?. 

4;«.                       ' 

P                        Rndbition.*,     ItimmuiLs     ueuure* 

R<'fmiigibilttv    aod    wave-lengib. 

mem  of.  3M1. 

465. 

fUdioMieter.  3W5. 

RegflaUoo.  301. 

KadiO'iiiicnuitetiT,  BdO. 

Hcgeucralivf  f"^ m   355, 

Rntlinplione,  '601. 

KegiUeriD^-                    ■•■n.  275 

Hsui'nit*  ot  g^  mtiuu,  68. 

RKOKArLT.                     ::>6,2»6. 311 

liAMflDKN.  &7B. 

81S,  315,  3iu~j.  aao.  a44. 

Rnuisd<?u  ey«-piefc.  4fJ8. 

Regulator,  aic.  722. 

Kaxkink.  tfl.9a. 

Rkicr  &  RiCQTUt,  458. 

RAori.T.  ;i08.  313. 

IlKis.  8-.'7. 

iUri-'tic'd  »im1  i*oiidc*us«d  wRves.314. 

KtlntloD    Iielween  light  and    elec- 

ilale  of  w.Mk.  91. 

iridly.  8.'i7.  boiWLLii  kinetic  rocI 

Rntio  of  sbinr.  44.  PolsBong.  142. 

poieolbil  eiierpj-.     94.    I>ttu,.., 

Riw,  exirnortliuiiry.  512:  ordiaary, 

Ept-ed  of  piopugiitinn  am! 

.^12;  of  rndiunt  energy.  400. 

lenglb,  215;  nf  <^iii)il   to  : 

1                        Ravu^jud.    Lonl.   2«*    4(»2.   405. 

24S:  of  ihfHtalic  lu   ibe  kiueik: 

m                           Am.  7'27.  745.  760,  ^58. 

unit  of  foi*:r.  108. 

■                        Hniciirtii  of  stjrfiici-8  in  eontiLCt.  81. 

Reliiiivc    conduciivltv,    886;    bu- 

m                          litH-iiUnwir    inolloii.  21;    propnpi- 

midlly,  a2H. 

^^^V                           tiooof  )i^'lil,(-(>[iMnic(ioti  fnr.5<>U: 

Ri-lii-f,  pcK-epIion  of,  484. 

^^H                            pr-o)>ni:niii>ti(>r  nM)iHiii>ii.M*7.402. 

lU'plvnIslier.  Gl»2 

^^^P                          RiNliiction-fiiclor.of  ^iilvftui»invler. 

Repose,  nngle  of,  88. 

^^K                            77ti — evpeiiineQUUdetennituiliou 

Iltpreftenlatiou   of  work,  rmpbtc. 

^^^^                     of.  770. 

»». 

^^^^b     -          Hc^'l.  ^-10;  hentinfT.  240;  fr«e,  840; 

Repulsion    and     attraction,    121; 

^^^K                   nrgnu-pipe.  240. 

acoutiic,  264. 

^^^V               R(■f•'^(•l)(x^  circle  of,  45. 

Repulsion,  <}■    --'   ■•:  n  due  to.  540; 

WKr                  it(?tku-iinif      irnlvsnomelers,      777; 

electric.  0                     it.  641. 

WT                      power,    4i;J:    etert^oscopc.   485: 

Ke»i«tnnre,  '    :.        ,   ^itgle  of  lU 

^                         telci«cn|>€.  470. 

limiting  angle  of.  tio;    el"' 

B                        Reflection,  mnotint  of,  418;  Cftiut- 

letnperatuie  on,     714;    • 

m                          ttrs  bv.  422;  cluing  of  phase  Id, 
m                           2:^3.  495;    from  ciirve<i  8urf»re» 

kioelicunitof,  700;  spedlic,  7U0. 

Rcsiilnre,  84. 

■                           415:  from  plane    surfdcrs.   409; 

Resolution  nlnog  coOi  *               r». 

■                              lnw8  of,  40<i;  laws,  cxprrimrutnl 

H4;  of  foncs   74;   -                     % 

1                             proof  of  4117;  of  ni.liuiion.  4lX^, 

40;  of  uniform  moiit-..-,  «*- 

^^H                              406:  of  polnri/^l  mdintioii,  520; 

Kes-mrtnce.  220. 

^^H                              of  sound.  22U;    polnrizntion  b^, 

Ri'HittMtoi*.  220. 

H                           513:  loul.  427. 

Kesiittilion.  nnfffictcDl of,  146. 

K                       Refleclora.  parabolic,  424. 

Resulttint  tone?.  S52. 

■                      ItefmcUne  RU'reoscoiw,  485;  lele- 

Retcntivity.  637. 

^BP                           scop**,  470. 

^^                        Refraclion.  404;  c&vwV\c-s  \i^ ,  «» 

\  S\iCTntMLlof  pbnsein  reflection,  238L 

-,   \vi.\Ti»v.\3*,'^3*^sc(TO*t.*)a:i. 

^^^^^^^^^^^^^^^-                                                                                        .;^^^fl 

h^^^^^^^H 

^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^1 

^^^^H^H^^H^^^^^I^I^^^^^^^^^^^^^^^^^^I 

^^^^                                       WOKX                                                          ^1 

Rhodoprin.  477. 

Sea  bree/c.  340.                                         ^^fl 

Rliomb,  Freatiers.  G37. 

Bbccui,  463.                                              ^^H 

Hi  ESS.  605,  607,608.. 

Secobra,  816.                                              ^^ 

Riena's  eieclrlc  tUermometer,  605. 

Second,  definition  of.  10;  interval               I 

UigUI  bodies.  21 ;  body.equilibrium 

of.  246.                                                     ^M 

of.  81. 

Secondary  actions,  746;  axes,  415.          ^^| 

Uigidity.    188:    lougUudloHl.    141; 

Seconds-pendulum,  length  of,  118.          ^^| 

simple,  coefflrietil  of,  139. 

Section,  principal,  510;  pnncipnl           ^^| 
of  mirror,  415.                                        ^^H 

King.  De  la  Rlre'a,  783. 

Hiiig-»y6ieu)S,  biuxiul,  5^9;   uulax- 

Seciilur  variation  declination.  Os^           ^^H 

inl.  529. 

Sebueck.  218.  695,  726,  730                     ^^H 

Rings.  Nt'wlon's,  493. 

Selective     nidintiou    and    abaorp-         ^^H 

Ritchie,  E   S..  580.  833. 

tion.  384;  i-missioo,  385.                        ^^H 

Rllcliie'H  elc'Ctt-ic  lutichiue,  580. 

Self-induced  currents,  806.                       ^^H 

Rrn-Kit.  764. 

Self-induciiou.  electric,    806.  818;                ■ 

Rillcr's  pile.  764. 

electric,  coefficient  of.  814;  unit                m 

Rods  of  Corti.  260. 

coefticient  of.  815.                                  ^^H 

Rods,  vibmtion  of,  235;  vibrelioD 

Sensation  of  color,  479.                             ^^1 

of.  longitudiual,  236;   rlbralion 

Septum,  semi- permeable,  188.                  ^^H 

of,  tniusversjil,  235. 

Series     tiirnngenienis.     701.     703;           ^^| 

ROBMEH.  897. 

electric.  535;   homologous,  834;           ^^H 

Roeroer's  mel  hod,  897. 

mncliiiies,  850;  eybtem  liirUting,           ^^| 

RooERB,  P  J..  386. 

723:  Vo]ui's  contact,  754."                    ^^H 

HcKJKUfi.  W.  A..  297. 

Serrin  arc  lamp,  723.                                ^^H 

Roou,  108.  two,  368,  369,  618,  632. 

Set,  143.                                                      ^H 

RoeETTi.  731. 

Sbadow,  detiniiion  of.  404.                       ^^H 

Ro88.  690. 

SbudowH.      formation      of,      404;          ^^| 

HossE.  Lord.  470. 

Round,  227.                                              ^^1 

RotuiioD,   nxU    of.   38;    action  of 

Sharping  a  note,  248.                                 ^^1 

force  in  producing.  76;    flectr<v 

Shear,  43;  amount  of,  44;  ratio  uf           ^^| 

rntigneiic,   857;   euurgy    of,    07; 

the.  44.                                                         ^H 

motion    of,    20.  38;    niutioii   of, 

Shell,    magnetic,     complex.    600:          ^^| 

poeiiive  aud  negative.  89. 

mri^nciic  moment  of,  609;   mag-          ^^H 

Rotations,  comi>osi(lon  of,  40;  elec- 

nelic,  simple,  669.                                   ^^H 

lrodyn«mic,     798;     elecimmag- 

Shells,    nifignciic.  667.   668;    mag-          ^^| 

nelic.  799;  i-eaolulion  of.  40. 

nelic,  strength  of,  609.                          ^^H 

Rotatory  polarizKliou.  531;  power. 

Shunt  machines,  850.                                ^^H 

molecnlnr,  583;  power.  Boccilic. 

Shunts,  704.                                               ^H 

582. 

Siemens.  W.,  842,  850.  855.                   ^H 

RowLAKD.  285,  342.  844.  504.  641, 

Siemens  armature,  843;  law  max-          ^^H 

668.  674.  812.  865.  871. 

tmum  cfficicncv.855;  03U>ne  liil>e.           ^^H 

61U;  regenerative  furnace,  355.             ^^^| 

SiLOW,  578.                                                    ^^1 

Ruwlnnd's  ^mttugs,  504. 

noDuaito.  2u«. 

RuiiMKonpr.  832. 

SlWer,  electrochemical  equlvftleut         ^^H 

Rnlo  of  Anipi>re,  769 

^H 

RirjUPoRD.  Count,  269,  883. 

simple  and  compound  waves.  216;          ^^H 

Runiford  photometer.  383. 

harmonic     vibration,    47,    213;          ^^H 

RcaaiSLL  &  Lapraik,  400. 

harmonic  motion,  47;  harmonic          ^^H 

RcnusaruRD,  504. 

motion,  rompnsiiion  of,  53.  56;          ^^H 

matter,  182;  rigidity,  coefficlvut          ^^H 

SAntNB.  685.  088. 

^H 

Sarcliari  meters.  533. 

Sinr  gnlvauomeier.  776.                            ^^H 

Safely  lamp,  »38. 

Single  and  double  touch,  687.                   ^^^| 

Saturated  vapor.  310,  313. 

Sinusoidal  curve.  53.                                    ^^H 

Salurntlou.  nmLnietic.  637;  -point, 
of  mngncti/jitfon.  660. 

Sircu,  Cftgtii:ird  dc  la  Tour's,  21$;          ^^1 

Sccbeek  s,  218.                                       ^H 

Saubscub.  183.  557. 

Sixth,  Interval  of  the,  346.                          ^^1 

iiiTart's  toothed  wbeel,  317. 

Sixe  of  molecules,  alwoUile,  184               ^^H 

Saxtou,  504. 

Smith.  A.  604.                                      ^^H 

808                             iMiia'.                                  1 

Rnillumliydritltf.  165 

clectiir.  chamdertoiica  of.  617; 

Hohironnslaiit,  df»8;  tt 

ioducUoii,    pbenomeoa  of,  885; 

of.  3«U;    engine,   K. 

uuturu  of,  620. 

oriifih  of  U'!ii»trinl  -                     ', 
nuHalitiu,  3.^8;  sp.,  i 

Sr-rikiii':  aiN.l  1,.      ■        ^-.G. 

>|«t:.i:     r.:.,.a                                     on.      U6. 

Solciioiil.      7S:J,      <<'i'                    ^. 

jJI  m;  ■■    f     '■<    -      .' 

niii>fnelie,  Rinictui-'- 

Si^*                                   1  of,  162, 

SoU'iioidtil  arraugi'itu 'M,  i>oi ,  ula- 

nif ,  1C2 

iMcni.UOT;  umirncl,  *Wi. 

8pc*cilic  heui.  iilJU,                        cc- 

SoluhoIilD.  iiiagnFiJ<'.  067. 

Iridiy.  739;  bcal  -                  ,'.sd; 

8oli(l.  (lelinilitti)  uf  u.  137. 

bcalf  of  Iiqui4i8.  '2y<'ii,    :■          ■.■' 

^H^Iillific^llioo.    »04;     boal-cliftttgea 

aolid.s.  '2H:i:  lieat  per  ui^i    ;:. 

c.n.  305. 

2^8;  Uewt  per  unit  v-  '    ■•       j>, 

Boli<U,  iidbe»iou  liiutcs  to,  182;  ei- 

bfftt,  variation  of,                      .cf- 

pMiLsion  of.  2.S8;  iiud  ga.4v«.  nuli- 

ature,  284;  btaiU,  \                 s;. 

Ktioii    from,   JiOl:  pio|>eriie8  of. 

Specific   induclivo   «.,■->      .     571: 

187:  h|.Krirtc  li«il»  of.  388;  8i>co<] 

indiiclivftc«|witv  Ti     ,-  <■   nicnt 

eoiiiul   in.  23'i:  viiporizatiou  of. 

of,  571.  y 

SUB 

Specim,                                       mo- 

BolubilUy,  S08;  rrv-mcient  of.  808. 

lion.  500;  iiiuiJictiiiu,  njiwiuudli;, 

doliiiiuD,  ho:) 

501S, 

8*>lilli<tn>*.  Vnix.t  prt^siiru  of,  812. 

Spcciiotncler,  BOft. 

Suiiuiiieicr.  i^ 

Speciro-pbotometer.  884. 

SouuK,  2-'>l. 

8|>cclroiM:oiH.\  456.    • 

Souiiil   :dl2.  a  inassvjhmiinii,  Slfi: 

Spcclruni.  3GS;    annlyRiH,  455.  In- 

ilfbintiniiof,  aUMuierfvrenwof. 

teifcrente,    48U;     nnnnal,    465, 

k                           •  aas;  iiiilnif  of.  'J12:  pnKincliou 

507;    priHniniic.   4(H:    roMclluofr. 

■                                of,  230:    riLtlos.  visible,  *i61.  rc- 

delicacy     of.     45S;    solar,    460; 

■                                Bcolioii    of.  226;    reft  ncl  ion  of, 

solnr,  diirk  lint-^  '<>    44*' 

B                              .237;  fi'l.-iiiiin  of,  tii  miiitic,  243; 

SjH^cd.  rit'linitiiM                             .us 

H                                bhad'iws.   :.'27:    sourcv^  of.    230; 

of.  22;  nu'ftii                    ^.   .      i.  of 

■                               8|w<.m1.     ii)rlttxK;l     mtlhotl.     2SS; 

ellltix,   170;  of  electric  Inuujir 

■                             epeofi,  Kundl's  incthcHl,  23ii;  vi- 

enrt*.  098. 

■                              hmtion,  cltniftcicr   of,  213;     vi- 

t^peetlof  lii^bt.  397.  BmdToy,  866; 

■                              brAiioii,  <-iii'i(!'7  of.  2tk*i:  waves. 

FlxfAU,     :iU».      KourAuli,     869; 

^^P                            rhiiii;!e  in  dla'ciioii.  *^'2.'i;  wavci} 

MicbcIsoD,  400;  Ncwctuxib.  401; 

i                               of.  elmMclfHBlir-a  of  SIH. 

Hof-nifT,  «S97. 

Sounds,     (oiisunaiii.    'i-'S;    differ 

S\n^f<\  of  pro;mgai  ion  of  dm  rTc  dl*. 

encea  in.  21S;    loudness  of,  213; 

charge,  filH),  propu;.                  .»dl- 

mL'tlioH»i    of      nnnlvKiiig,     250; 

atioii,  307;  piopag:>               ^  ^v<h 

inoiliods    of    syiilbesi/.itig.  251; 

motion,     01;     pmpuguuwu    Mid 

nuiskal,     230;      musicHl.      and 

wavu  length,  215;  mu-  t»f  cbangt; 

'                            noises.  230;    ntusieul.    limit   of. 

of.  23;  of  liound    ii                 i-ri 

24!t;     mttairni,    prodiurtiou     of, 

menlnl.  220;  ofs*)i                      d?. 

231;    optical    npi'Cjtcnlniiou   of. 

223:  of  sound  in                        of 

201:  pro|>H;.'nli(>u   of,  21  i*;  qiial- 

souml.  Uble  of,  2:                   id. 

itv  of.  218;  .«iK«ii  of.  in  liquids. 

tbeorttical,  219;  «>>                   idi- 

2-}3:  fincc-d  of,  in  solids. '22^.  tlico- 
relic-al  b|>o*.m|  of.  219;  vibmliou- 

atiou  Id  vacuo,  401;    wavo  uid 

Rfoup,  402. 

frfiiiiemv  of, 213;  vowel,  2ri8. 
Sonr^-cs    of    lic»l,  352;    rosmical. 

S|.lieiomcter.  419. 

bpbennvl  rtt>crri\tiou  of  IcQsea^  44Ai 

357;   terrcstriril.  353. 

liiteral.  ^1-'*     i. ........ .n.^..t    ^4S. 

Sources  of  sound.  230. 

Spherical!,                                      23; 

SpAce  descnbvd  iu  ncoeleiated  mo-  . 

hitend.  -i- 

lloii,  24.                                               1 

Spheroidttl  .^uii 

Spark,  uouditlou*  required  lo  pro-  ( 

SpnTTteWOODK. 

'                                   duco,    ftU,    diffrreuce    of     po- 

^                  .;.oti)P,  bjii. 

^m                                \en\\n\  Tec\u'ucA  \P)  vv'.yVvict.^SSft-, 

197. 

V                                    tlUcbargc.  ^W,  '\\vtft,C\».A\«\,%\'i-. 

Cds^.\vhv^^:»,  yWUV^J.VK. 
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Smbility.  flotiling  body,  160:  flont- 
iug  biHly,  MifiiMuiv  of,  101. 

Stiible  anil  unliable  equilibrium, 
164). 

STA.MPKKK,  231. 

biiiDilurd  ciiuiilc,  381;  cart'cl,  381 
rolls.  760;  ct-'lls.  Clurk.  760;  cells 
Dauicll.  76U;  t»f  Icnirth,  priomry 
297;  of  li>;lii.  »ai.— plulinuui 
8»l;    sectiOOrtiy    (Klttlric    Coo 

Sluiid&id  iiuit.  7. 

Binnley-Wesliiigliotise  machine, 
849. 


BtAU'.  clian;i;e  uf.  298;  ibiinffe  of, 
i)roduci-9c'c)t(l,326;  criliciiT, ai4; 
fourth,  uf  mutter,  19S,  839. 

SuiiaJ  frir.tion,  82. 

8tniio  uuii  of  furce,  rvlntioD  of,  lo 
kioelic,  103. 

Sltuics.  ti.'*.  70;  of  fluids,  151. 

tfUiiioimry  wiivet,  63. 

Stkkan,  33«,  721. 

SiVK-i>8C(>|)e,  retlectlug.  48S;  re* 
fmciini:,  485. 

Stkwaiit.  B..  a74.  390.  39t,  802. 

STiUvKs.  142.  175.  227.  309.  889, 
390;  liiiv  of,  388,  390,  460. 

Sti-Hjctow,  664. 

Stone.  'J20.  225 

Slomiic  biill(;ii<-s,  765;  (His,  765. 

Slotnge  C4*ll.  Fiiure,  766;  Mniu, 
7'10;  rinule.  765. 

Btniin.  citmprtrHMiui,  42;  definition 
of,  41;  oUijwoW,  44;  cloiignlioD 
42;  horaogi'iiL'ous,  42,  43.  44 
prinripnl  nxw  of,  4.*);  pure,  48 
mtio  iif  the,  4'i;  shearing,  139 
Murfiu**'.  48. 

Slraliis.  21,  41. 

Siren  til  How.  175;  thies.176. 

Suoiiglh  of  cunenl,  699. 

Sirp'ti*.  71,  101.  !39:  electivHUilic, 
8«l;  Hhi-nriMR,  139 

tflriii^,  vtbnilton  of.  231. 

SlmtMJsc'opic  method.  4TO. 

Slnirlurc  of  nuitlcr.  139.  ' 

•UI141EO.N'.   H32. 

ibdiviMJiMis  of  iimlliT,  180. 

ibii'ilive  color.  481. 
t^iibliinutioii.  300. 
Snbftbinof*.  3 
Buminutioniil  lone.  254. 
SiilMfrlii-iiil    lonslou,    210— llqulil-; 

tiiblo  of.  211;  vinrtiMty.  311. 
Supcraiilumlion,  3(15. 
Siirfare-dcMsity,  I'lectrlc.  542. 
Suif.irc  trn!4ioh    of    liquids,     2<)1 

U4Hmirciiicut  of,  204. 


Surfaces,  equipoteuiial  125;  pyui- 
potcDti&l,  elfctric,  553;  ei|uqM>- 
leuliid,  inngnelic.  640,  equi^MV 
teutial,  of  two  poh*s.  653. 
,  6urfrtce*iu  contRcl,  renoiiun  of,  81; 
rough,  ^2;  siuoutU,  b2. 

fcjurfusion.  305. 
I  Suticeptibility.  nrnguellt*.  Aft8;  co- 
i-fficit-nt  of.  059. 

SuspcMiftion,  ceoler  of,  109. 

Symmer.  electric  theory  of,  537. 

SyDthe^is  of  composite  louefr,  349; 
of  sounds,  ineihod  uf,  3al;  of 
vowel  souods.  258. 

Svstt'm.  ndvnnmic,  TIKI;  «»iUilir, 
*636;  ftic'lighthig.  723;  I'rnli- 
uielor-griini-wcond.  10;  FtK>t- 
pound-second.  10:  {ncumlcMH-ncc 
liKliliiig,?i5— EdiMia.  7'^>;  ihrve- 
wire.  725;  uuila.  electroiitag- 
uetic,  773. 

Systems  uf  units,  absolute,  9. 

Table  combustion  equirnlcnls,  853; 
concrete  cli-ctrostniic  unll8.  595; 
conttictpote«llnI-ditI»'rf'ncc«,755; 
dielfcini'cufislftiiiH.  573;  eleclro- 
cbeniicaU*qiilvftleiii».74H;  expan- 
sion coelUcient^  guu'S,  296:  rric* 
tioii-to)  illricnlft.  84;  fiihlng  cur- 
reni.s.  718— nolntA  209.  inciense 
expnusinh  wiili  ii.>nqHMuturL>.294; 
'       molecultii   ilaln.   180;   refractive 
I       Indices.  -ISS-  Frnunhofer  lliicj, 
I       451;  ftnei-ibc  hentti.  283;  thermo- 
electric |W)lenllid  dillcrenoc,  727; 
thci  nil)  electric      power,      784; 
WMve-lcuglhs.  450. 
Taintku  &  Bell.  264. 
Tait.  08.  100.  101.  129,  180.  188. 
144.  2110,  202,  860,  890,  479,  664. 
732.  7a4.  7:18. 
Tauf^eni  ualvunumttcr,  775. 
Taiitini.~254. 
Tasinirter.  831. 

Teleplioiu-.    ihe.   H'iiO;    Bell,  828; 

c»irb<jn.  Edison,  831;  CI  my.  827; 

long-dUilnuce.  t^31 ;    trausmltter, 

Blnkr.  831. 

Tch.mrnpp.  469;  nmgnlfytn|e  power 

'    i;i;  rellecliMg.  4(0;  rcfracl- 

470. 

rrament.  248. 

nilure.  271;    alwolute   lero 

J72.  297.  3.M ;  chnugr*.  hciit 

■      •*Tncd  in.  272;   oriiicrtl,  314 

ibltf    of.    319;    effect   uf,  on 

.'uetuiuitfnu.    641— on    nuliii- 

;.    .*,     Ji7ri— OU    TvaSuAUXUX,  WV- 
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grndtitnt,  SSri;  incfifiat  of  lo- 
efflcieut  with.  'i^\;  mcnMire- 
menl  of.  372;  ur  rusitto.  7lT,  u( 
lumiaosUy,  301:  hbo  nf,  In  con- 
(luclors,  716;  vniiutirm  of  uX|>au 
aUm  ciiolUcleiil  with,  :2&1. 

Teniicily.  UbU-  ff,  138. 

TciiHidii.  elecirio.  570;  -suesa.  71; 
sujHTliciiil,  of  liiiuiils,  tnble  of. 
211 — vdlue  of.  from  cniflllarhy, 
aiO.  surfnce.  of  liquids.  301— 
iiuuiiuroiiiLOt  of.  S<J4. 

Terrf'fllriul  oittTtfy.  Bol»r  origin  of, 
359;    lleUl.    cIcineDU 


682; 
695: 


mngiU'tiNm.    con«lttnl8 

soiitrcsof  lioui,  352 
THAl.tN.  OtU. 
THAI.K8.  5»3. 

'I'lioorcm  of  Ghubs.  127:  of  Torri- 
ct'lH.  170,  181. 

TliciHvtical  magnet,  641. 

Thcuric^  Kiiitb's  mnj^UftUiii.  694. 

TluHiry.  iiKXliTti.  tif  I'li'Ctrifiritilnn. 
538.'of  conlac(.  Vulla's.  75'j;  of 
dlsnonance,  252;  of  elcrlrnlysis, 
74H;  of  Gxcbniiges,  37d;  of  011- 
lH*rl.  694;  of  light,  olectromtig- 
Dclic,  869 

Theory  of  magnetUm,  Atniidrv's. 
4*02;  liectricrtl,  «57,  Poisson'a, 
«W6;  W.lwr'a.  057 

Therm,  unit  of  heiil.  376.  844, 

TlK!rmnl  capuciiy.  376:  cbnnges 
uc'co[Tip)iii^tngviiiKjrirnlioii.825: 
considei  atioriB  iu  <a\\».  763:  dlffu- 
slvUy,  8;^;  relations  of  current, 
718. 

riienuic  meoaurlug  Instrumenis, 
71U. 

t'hermocliemt8try,356;lawsof,35d. 

rheriiiodyoamicfl,  850;  1st  law  of, 
35tt;  3d  hi  w  of.  850. 

TlicruHK'lcsciric  currtmt.  I'liorgy  of, 
787:  lUiigrum,  78-*;  envrgy, 
mclluMl  or  coinpiiliiig,  788;  po- 
tt'Dtiiil  dillcrenw,  727;  power, 
7-'U-tnl)lu  of.  7;W;  Uible.  734. 

Thi'rmi)«leclri«  genfnitors,  727, 
738:  Clumoiid.  ,38;  NoC.  728. 

ThLTmoelcrlrilioalion.  726. 

ThermogftlvtiuumetLT,  379. 

TUeriiioniftei.  273;  ulr.  378;  alco- 
hol, 273;  coiiPlruction  of,  278; 
maximum,  275;  murcnry,  273; 
metivllic.  298;  minimtiin,  375; 
rcgistvriiig,  275  ;  requlsiiea  of  a, 
374  ;  scii\t!.  r.^  -,  -ww^XA,  "m,. 

TlierinonvelT\c  iA\t:ftaK\te\\\t\iV  tXtft- 
iricqmuvUy.  ttO\.. 


Thennouietry.  273. 

Thermopile.  UfO. 

TuiLoiiiKU.  395.  319. 

Thinl,  iutervftl  of  the.  S46 

Thomses,  852.  356. 

TuoMjftifN,  Sii    Wm..  7fV    '"     ^'^ 

VM).  184,  144.  147,  3(M 

351.360,368.  (:k«U»r.  .-. , 

TuoMsoN  ifc   TaIT.  28.  4»,  44,  71, 

72.  75.  142. 
Thomsox.  J.  J.,  871. 
lljoiiiaim  electioKtntlc  gciiviMunw 

593. 
Thomsoii-Houi»toi]    dyoanio    iu» 

chint'.  849. 
Tu(»MPaoN.  S.   P..  588.  605.  808, 

852.  855. 
Ilmt    rtxtulrtfd    for    Wrfon.    477; 

slandnriU  of.  tl5 ;   unit  of.   10; 

11M-  itondultiiii  to  measure.  114. 
TOMU.NBON,  2(18. 
Toue.  tlillcrcucc.  254;   gmvr  li:ir 

iiiur)lc,  254;  Mimmalioanl.  ~  ■- 
Tuuus.  resullnut,  252  ;  upper  ^^i; 

linl.  284. 
Toiiomeior,  Sclieibtt^r's.  854. 
Toothed  wb«jl.  Snvarl's,  217 
TOpler'tt  liitlucnrc  inacliitir,  587. 
ToitmcKU.i.  164  ;  luw  of.  17')  i^J 
Torsdon,  140;  bMlftuce.  ftlW;  ti     -' 

uliis  of.   140;   uii'Uiod  of;    Gid. 
Total  reflection.  427. 
Touch,  single  iind  double,  687. 
Tmilo  winds.  839. 
Transference    of     oteciriflcatlon. 

698;  spred  of,  698 ;  of  euergj'. 

95;  ofheal.  883. 
TmnHformarion  of   clcctrokinotlc 

cneicy.  718. 
Tnniiijuntittiions    of    viiprgy.   OS; 

of  lititir.  841. 
Tmnyformera,  840;    oorfflcieni  of 

imnaformatioD.  nf,  84U. 
Translation,  moiton  of.  30. 
Transmission  polarized  mdfnliou^ 

52^>. 
1'rT.M^.,i.-.,i;(in    til    1W0 

Ti:  247 

Tir  .  I  .!  rods.  28B; 

Wiivi-s,  ti2 
TnRsrA,  174. 
Triaiiglu  of  motion**,  38. 
TnownnmoK,  John.  401. 
Tuljeof  ninct '  ■'■-  '  f     .  651. 
Tubes,  Crook  of  Ijcjuid* 

In.  172;  Gt;  -  "^  .  of  fnico. 

126  ;  of  induction.  568  ;  PlQcker 
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Ty>dall.  Ji)bn.  2-25. 248.  8»8. 8»2, 
aoa.  395,  423. 

Umbra,  ^ai. 

Uniftxiiil  crysUls,  B18  ;— wogallve. 

618  ;— iMisitivc,    513  ;    ring    sya- 

lems,  0J9. 
XJmform  pilvanomcier  field.  777; 

aingneliL'  field,  635. 
Uniform  inuiion8,  r(>m|>08iltoD  of, 

30:  coiiipouuded  wilh  variable, 

36;  reijolulion  of.  34. 
Uniform  velocity.  22. 
Unit,  Jib^olule,  of  tnp«cUy,  594  ; 

of  rU'Clrnmolive  inlfhsity,  51)4; 

of  [>ul«tilinl  diUercnci'.  504  :  of 

qutinliiY.  5M 
Unli-jftr.  'Harris.  603. 
Unit  inngnftic  p*)lu.  (144. 
Unit  of  nriivity.  91 :  uf  force.  08— 

dimoiisiotis  of.  69  ;  of  lieul,  275  ; 

of    nieiifei  I  rrment ,    I'lnr  I  ri)RtaUc, 

593:  uf  |voit'nlifil,  elccirostiilic, 

554;   of  quRDtlty,  clecUostuUc. 

541  ;  of  work,  88. 
Unit  polo.  Ilu(»  of  force  of.  645. 
Uuitqimiilityof  clcclrifirnlion.541. 
Uulis,  absolute  systems  of.  9  :  arbl- 

imry,  8 ;  C.  G.  8.  Ryhli'in  of,  I0; 

concrt'le  elwlric.  5114— tiible  of, 

595  ;  derived.  8— diinenaiotis  of, 

11;     cleclrokiiietic,    700;    clec- 

Iromngnclic  system  of,  773;  fun- 

dumenial.   8— values  of,   10;  of 

ma.s.<),    Ungtii,    and    time,    10; 

physical.  7  ;  STandunl.  7. 
Universal  aitractioD,  100. 
UnKAlumted  vupor,  313. 
Unstable  and  stable  eqiiillbriuiDi 

100. 
Uppvr  partlnl  tones,  234. 
Upwnnl  pres«*uru  in  fluids.  156. 

Vacua,  liigli.  198. 

Vacuum-gauges.  194. 

Value,  Ileal,  of  fuels.  S-"i5  ;  sujierfl- 

cial  tension  from  cn]>illurlly.  21U. 
Values  of  fundamental  units,  10. 
Van  Kekk  074 
Van't  IIokf.  583 

■  Vapor,  iique<ni8,  pressure  of,  311 ; 
^  at'CnIlion  of.  813;   pressure  of 

solutions. 3  I*J;pr<*8sureof  volatile 

liquids.  3U-iableof.  812:  aat- 

urated,  810.  813. 
Va|>or  <lt;iiRiiie»,  lable  of.  817. 
Vnpor-densiiy     nnparalus,      Hof- 

mann's,   816;  V.   Moyer'a,  816; 

Dumu'fl,  817. 
VaporiKAtion,  296  ;  of  liquids,  809  . 


of  solids.  309  ;  table  of  heats  of, 
8*^5 :  (bcrmal  cbauges  accom- 
pany iug,  325. 

Vai>or!i,saturaiod  and  tinaaluralcd. 
318 

Variable  magnt'lic  field.  035;  mil- 
lion conuHHinded  uiili  unifornif 
86;  j»eHoii,  710:  velocity.  32. 

Variation  from  Boyle's  law,  192: 
of  expansion  ct>elB*:ieut  with 
tt-ni|>finituri'.  291. 

Variation  of  gniviiy  with  latitude, 
105;  in  intensiiyp(>ta)i/.ed  radia* 
tton.  532:  of  dcclinulion.  084  ;  of 
declination,  nnnual,  084  ;  of 
declination,  diurnal.  684 ;  of 
dccliDation,  Macular.  684:  of  In- 
cUinition,  t^7  ;  of  magnetic  lu- 
tensity.  692. 

Vahley,  MS.  758. 

Valley's  inlluence  machine,  588. 

Vccior,  23. 

Vein.  coHliTicted.  171. 

Velocity,  anirular.  38 :  angular, 
moment  o^,  07  ;  definition  cf. 
22 ;  of  nicjiu  sciuare,  177  ;  uni- 
form and  variulile,  22. 

Vebx-'ily-lieHd,  172. 

Veloeities,  compa'tllion  of,  80.  84; 
imrullelogmm  of,  3-1 ;  parallelo* 
pi|iodon  of,  30  ;  jtolygoD  of,  34  ; 
resolution  of.  30. 

Vena  contracta.  171. 

Vehokt,  858  ;  law  of,  8j8;  con- 
!,Uinl  of.  858. 

Vernier.  14. 

Vertical  intensity,  083. 

Vibration-frefiurucy.  nb«ilule,343. 
chance  of.  809  ;  of  Hound.  S13. 

Vit>r>ilion-freqoeii(--v,nK'a±(urement 
of.  217. 

Viltnillon,  inasM,  energy  of,  212. 

Vibration  of  air  colunitiH.  240;  of 
membranes,  239:  of  platea.  2^)7; 
of  rods,  lonLTiindinal,  236  — 
ttaiisverse,  385:  of  strings,  231. 

VihraiionH.  simple  ImrmonJc.  47. 
213. 

Viiinitorv  moiloiip.  41. 

■jity.  :i44.  liW.  a8i,  720. 
V,   coelllclenl  of,    174:    U- 
upcrllclal.  211;  of  llquida, 

i>im1I.-h.  148, 

nd  ratitm.  201, 

11^1',  liflicjicy  of.  478;  ener^ 
rt<i  ilrr<l  for  477,  peisislencem. 
^7-,limc  required  for,  477;  the 
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Vi«uftl  pvrcepilon.  4*.'i:  purplt.477. 

Vllreoiis  buiDor.  472. 

ViriASi.  1(M. 

VooU  iiKinljrant'S,  3W. 

Voice.  lilt'  hiMiiHit.  '4^. 

Vuluillu  liquiilK,  vupor-presBure  of. 

Vnlntillzalion  of  w'fm.  (106. 
Villi,  unit  |xiU' fitiiiUliltiTt'uce.  .VJS. 
Vi»LTA   5o7.  oSO.  753.  737.  764 
Vollii.  taw  of.  7.'^2 
VolUic   bftttc'iy,  757;  cell,  rucrpy 

of.  7fil;  citniijt,  Pitergy  of,  7lw. 
VuUnic  cells,  7Mi; — luDuinu!.  75ii. 
V<tlli(i»r(fr>  744;  i-oppt-r,  746, 
VoliamoUT,  hydrugeu,  7i4;  allver. 

745. 
VulUnKHric  niorhrHl.  744. 
VoUn'*  loirtnti  x-iitw.  "M;  theory 

of  Ci«nt«ct,  753;  pile.  757. 
VnIiUKU/r.  Ayiloii  &  Perry's,  730; 

Cbrtlt-w's.  730;  t-loctroetaUc,  599. 
Vollnifters,  781. 
Voliinte,   it,  A8;    cimnge    of,    on 

fusion,  2«»;  ehislidly.  189;  dcu- 

sity.  elfclric.  543. 
Voss  iDHuen(-«  miichlne,  688. 
Vowfl  »ouiidR,  ^7;  ityDthcsls  of, 

358. 

WAi.TBSHOKKli,  von.  664.    . 
Wnlcr,   Atiointilotu  oxpunsiou   of, 

39H;     oxpftn«iun-rr)ttHc{t'rit     of. 

384;    inuviioniii  tlntHliy  of,  303. 

84U;  vHiiu'loM  MpcdDc  Uenl  wUU 

trnipemUire.  384. 
WaUr-drnpping  m»rltine.  592. 
■\VnUr-eqiiivrtlriil.  381.  3«3. 
WntiT  jrrftMi  dc'tfreo,  370. 
AVatk litres,  «6(i. 
Watt.  Jami's.  91. 
Wutl,  law  of.  ai8. 
W»tt.  unit  n€t1vi(v.  5d5;  value  of 

\\w.  93. 
>Vhv«',  pliine-nolnrlzed.  370. 
Wnvt'-crt'st.  fri. 
Wave  fn-qiiency  of  rudinlUMi,  807; 

— of  Fnumliofer  lines,  450. 
Wave  frtml.  63. 
WiiVf-inlcrrerence.  63. 
WnvL'-lenglli.    53.    01;    defiDltioii 

of.  315;  direct  ineasin'ement  of, 

318;  FMunhoftrliiu's.  45t>. 
Wnvr-lengtli,  ll)4;tu^u^tnlll^nl  uf.491, 

5i)8:   of  DidiHtioii.  367;   rclaiion 

btrtween,  nnd  Hpei'd  of  nropnpi- 

liou.  'IW  mn\  Yttvvvw^Umiy,  465. 
Wiive-molion ,  \i\n'w>u\G\m  c^\ ,  ^, 
Wnve-8peev\  wiA  gto\iv>  *\wtt'V,  ARft 


WftTe-iTough.  63. 

Wiivcsi.  clnulRr,  63 
of,  62;  longUudii 
Rod  ot>udt'n»e<l.  0 
conipnuiid.  3!(i;  r^  me- 

ter of,  314;  — rluirit,'  ...*•»  in-uof, 
2a5,sutiono!y.0a;lr»06vvr5al.62. 

Weao.  366. 

WKUkii,  H    F..  891.  730. 

Wkbeii.  W..  47S.  S^\,  664.  7»4, 
813.870;  iimgiielir  tlieory  of,  6iB. 

Wcbor,  iiitiijiii.'tic  unit,  6311. 

Weight.  1(14. 

Wei^lil-ilieiiHitnu'ler.  393 

Wells,  nrttsiiiii.  156. 

Weuthkim.  33a.  335,  837. 

WKSTt»>*,  714, 

\\iiEATSTtiNB.  3S8.  4H5,  fi09.  830. 
Wlunlxlone's  iiwUhhipbcne,  336. 
Wliisperiut^-^Hllericu,  337, 
While  stnre.  4(i3. 
WniTWOKTH,  2<)0. 
WlKPKMASN.  616. 
WlKUEMASN  &  FrtAKZ.  8S6. 

WiLKE.  379.  5ii4. 

Williams.  304. 

Wilson.  57i». 

Wimshwral  mnrliine.  689. 

WiNKLKK.  458.  578. 

Winters  elect  ri<-  muchiue.  579. 

Wiredrawing.  U17. 

Wires,  fufiioo  BodTohttlUsAtloD  of. 

6oe. 

WoKflTTK.  386. 

WiiLLASTON,  137.  450  460. 

Wi.llH-jionVdouldet.  467. 

Worlc  iukI  energy,  cleclHc.  550. 
nmgnelic,  64^. 

Work,  couvcr«io»  hent  iitlo.  344. 
detiiiitiuM  of.  88 ;  dlagmma  of, 
8ti.345;  dimensions  of,  88;  doue 
in  clectrolyjiis.  7;'J0;  graphic  rep- 
rcHentnlion  of,  t*tf;  m  overcom- 
ing  fiiflion,   03;    luw  of  tnH»i- 

*  muiii,Jncohi'a,H54;iueaisureineol 
of.  88;  niteof.91;  uull  of.  88l 

WiiionT.  619.  630. 

W'koulewski.  295,  716. 

Wi'Li.xBi*.  573. 

YelloTT  jipt)!  in  eye,  476. 

YouNo,  v.  A..  358.  861.  469.  468. 

YotJNo.  Thos  .  141.  254,  480,  487, 

495,  535. 
Yuung'8  modulus.  141. 

Zero    of    temperature,    absolatr.  <1 
373,  ',^97,  351.  C 

\  T^t^  \v-A\s5.  tUetmometric.  374. 
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